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FOREWORD 

Our n a t i o n ' s  f r e shwa te r s  are v i t a l  f o r  a l l  animals  and p l a n t s ,  y e t  our  
d i v e r s e  uses  of water--for r e c r e a t i o n ,  food,  energy, t r a n s p o r t a t i o n ,  and 
indus t ry- -phys ica l ly  and chemical ly  a l t e r  l a k e s ,  r i v e r s ,  and s t r eams .  Such 
a l t e r a t i o n s  t h r e a t e n  t e r r e s t r i a l  organisms, as w e l l  as those  l i v i n g  i n  water. 
The Environmental Research Laboratory i n  Duluth,  Minnesota,  develops methods, 
conducts  l a b o r a t o r y  and f i e l d  s t u d i e s ,  and e x t r a p o l a t e s  r e s e a r c h  f i n d i n g s  

--to de termine  how p h y s i c a l  and chemical p o l l u t i o n  a f f e c t s  a q u a t i c  
l i f e  

--to assess t h e  e f f e c t s  of ecosystems on p o l l u t a n t s  

--to p r e d i c t  e f f e c t s  of p o l l u t a n t s  on l a r g e  l a k e s  through use  of 
models 

--to measure bioaccumulation of p o l l u t a n t s  i n  a q u a t i c  organisms 
t h a t  are consumed by o t h e r  animals, inc lud ing  man. 

This r e p o r t  p rovides  i n s i g h t  i n t o  t h e  e f f e c t s  of a once-through cool ing  
system of a f o s s i l  f u e l  p l a n t  l oca t ed  on wes tern  Lake E r i e .  S t u d i e s  were 
conducted t o  determine t h e  impact on wa te r  chemistry,  p lankton ,  per iphyton ,  
benthos,  and f i s h  l a r v a e .  

Donald I. Mount, Ph.D. 

D i r e c t o r  

Environmental Research Laboratory 
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ABSTRACT 


This study assessed entrainment rates and effects for important components 

of the aquatic community in the once-through cooling system of a steam-electric 

power plant (the Monroe Power Plant), which can draw up to 85 m3/second of cool
ing water from Lake Erie (-80%) and the Raisin River (-20%). Phytoplankton, 
periphyton, zooplankton, ichthyoplankton, and community metabolism were sampled 
bimonthly from November 1972 through September 1975. Sampling was conducted at 
fixed locations in the intake region, discharge canal, thermal plume and the 
lake-shore waters. Concentrations of chloride and dissolved and total solids 
were used to trace water masses and their associated nutrient and plankton 
concentrations. 

River and lake water were well-mixed in the discharge canal following 
passage through the condenser where the water was heated an average of 6" to 
10°C. The thermal plume lost most of its heat to the receiving water rather 
than to the atmosphere. 

The cooling water could rapidly change in chemical and biological charac

ter over a few hours because of spatial variation in the source waters. This 

spatial variation often produced sampling station differences on a particular 

date which reflected natural, patchy distributions more than cooling system 

effects. Seasonal and annual means, however, consistently revealed subtle 

entrainment effects for most of the parameters examined. 


Oxygen concentrations in the discharge canal were supersaturated 110 to 

120% in winter. No excessive loss of oxygen occurred under the thermal plume.

At temperatures above 15OC in the discharge canal, photosynthesis was depressed 

and community respiration was accelerated. Dissolved organic carbon decreased 

from decomposition while particulate organic carbon increased enough to offset 

change in total organic carbon. Algal abundance increased slightly as green 

and blue-green algae increased more than other taxa during passage, but algal 

diversity remained basically unchanged. None of the changes in phytoplankton 

were related to time of day or chlorination schedule. Total non-gaseous nitro

gen, inorganic carbon and phosphorus all declined in the plume, apparently 

improving the water quality from the standpoint of eutrophication. Erosion 

from the discharge canal, however, contributed excess sediment to the basin. 


Although zooplankton densities declined about 40% in the cooling system, 
diversity remained unchanged and the impact w a s  masked by mixing in the receiv
ing waters. Pilot studies indicated that mortality may have been size related. 
Leptodora kindtii, along with fish larvae, appeared to be killed by cooling 
water passage more than smaller plankton. The large zooplankton also were 
favored as food by juvenile and adult fish in the study area. 
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L a r v a l f i s h w e r e  a t  l eas t  as e f f e c t i v e l y  sampled w i t h  a one meter ,  571-1: 
plankton n e t  as w i t h  a Kenco Pump o r  a high-speed n e t .  Although t h e r e  w a s  no 
d i f f e r e n c e  i n  larval  ca t ch  i n  tows of d i f f e r e n t  l e n g t h s  from one t o  f i v e  minutes,  
t h e  mesh s i z e  w a s  important .  Larval f i s h  were concen t r a t ed  nea r  bottom a t  n igh t  
and moved up from bottom dur ing  t h e  day. Geographical and temporal variations 
i n  larval  f i s h  d i s t r i b u t i o n  w e r e  g r e a t ,  b u t  c e r t a i n  s p e c i e s  seemed most abun
dant  o f f s h o r e  w h i l e  o t h e r s  were concen t r a t ed  nea r  sho re .  Because of d i f f e r e n 
t i a l  ver t ical  and geographical  d i s t r i b u t i o n ,  some f i s h  l a r v a e  seemed more 
v u l n e r a b l e  t o  entrainment  than o t h e r s .  

Large enough numbers of c e r t a i n  i ch thyop lank ton ic  s p e c i e s  and Leptodora 
k i n d t i i  may be e n t r a i n e d  t o  a t  least  s l i g h t l y  i n f l u e n c e  popu la t ion  abundances 
of a d u l t  organisms i n  western Lake E r i e .  Refined assessments  are r equ i r ed  t o  
a s c e r t a i n  t h e  degree of e f f e c t .  The r e g e n e r a t i o n  rates of smaller p l ank ton ic  
organisms i n  t h e  sou rce  waters a r e  l i k e l y  t o  nega te  t h e  l o c a l  impacts of t h e  
coo l ing  system on t h e i r  popu la t ions .  

This r e p o r t w a s  submit ted i n  f u l f i l l m e n t  of Grant No. R801188 by the 
I n s t i t u t e  of Water Research and t h e  Department of F i s h e r i e s  and W i l d l i f e  a t  
Michigan S t a t e  U n i v e r s i t y  under t h e  sponsor sh ip  of t h e  U.S. Environmental 
P r o t e c t i o n  Agency. This  r e p o r t  cove r s  t h e  p e r i o d  November 1, 1972 t o  J u l y  1, 
1976, and work w a s  completed as of November 30, 1976. 
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SECTION 1 

INTRODUCTION 


Large q u a n t i t i e s  of p l ank ton ic  organisms may b e  drawn i n t o  ( e n t r a i n e d  by) 
once-through cool ing systems a t  s t e a m - e l e c t r i c  power p l a n t s .  Seve ra l  decades 
ago, once-through coo l ing  u s u a l l y  turned ou t  t o  b e  the  least expensive of a 
number of p o s s i b l e  coo l ing  a l t e r n a t i v e s .  Because t h e  magnitude of t h e  coo l ing  
requirement appeared too s m a l l  t o  war ren t  much environmental  concern,  c o s t  
comparisons r a r e l y  included assessments of d e t r i m e n t a l  impact on a q u a t i c  com
munit ies .  This  a t t i t u d e  r a p i d l y  changed w i t h  r e c o g n i t i o n  t h a t  t h e  magnitude 
of t h e  coo l ing  requirement w a s  doubl ing every decade, a n  i n c r e a s i n g  r a t e  t h a t  
w a s  much f a s t e r  and i n  g r e a t e r  q u a n t i t i e s  t han  a l l  o t h e r  combined i n d u s t r i a l  
use.  Accordingly,  numerous s t u d i e s  of power-plant i m p a c t  were i n i t i a t e d  
du r ing  t h e  p a s t  decade. Only a few o f  t h e  earlier s t u d i e s  w e r e  designed t o  
comprehensively examine impac t  over  several annual  c y c l e s  (Merriman and Thorpe, 
1976). When t h i s  s tudy w a s  i n i t i a t e d  i n  1972, no comprehensive long-term 
e v a l u a t i o n  of cooling-system entrainment  had been i n i t i a t e d  on t h e  lower Great 
Lakes .  The massive coo l ing  water requirements  p r o j e c t e d  f o r  t h e  Great Lakes 
r eg ion  by Dennison and Elder  (1970) had s i g n a l e d  p o t e n t i a l  damage from e n t r a i n 
ment e f f e c t s .  This  s tudy  w a s  conceived t o  e v a l u a t e  t h a t  p o t e n t i a l  a t  t h e  
Monroe Power P l a n t  on t h e  w e s t  s h o r e  of Lake E r i e .  

The Monroe Power P l a n t  has  an e x c e p t i o n a l l y  l a r g e  once-through coo l ing  
system; i t  pumps up t o  85 m3/sec f o r  coo l ing  purposes.  The primary concern 
of t h i s  r e sea rch  w a s  t o  assess t h e  amount of plankton t r a n s p o r t e d  through t h e  
coo l ing  system. A secondary o b j e c t i v e  w a s  t o  estimate t h e  p l a n t ' s  impact on 
t h e  s t r u c t u r e  and f u n c t i o n  of t h e  e n t r a i n e d  p l a n k t o n i c  community. The s t u d i e s  
r e s u l t s  were t o  b e  i n t e r p r e t e d  w i t h  regard t o  t h e  u l t i m a t e  concern,  t h e  impact 
of the entrainment  on the  source-water community. 

Reviews of t h e  l a r g e  body of l i t e r a t u r e  on power p l a n t  e f f e c t s  (Coutant 
and Talmage, 1976; Coutant and P fude re r ,  1974) have i n d i c a t e d  t h a t  e n t r a i n e d  
organisms may be damaged by p l a n t  o p e r a t i o n  i n  a number of ways. A t  t h e  
Monroe Power P l a n t ,  s p e c i f i c  sou rces  of p o t e n t i a l  damage inc luded  (1) al tera
t i o n  of water q u a l i t y  caused by mixing of coo l ing  s o u r c e s ,  ( 2 )  t o x i c  e f f e c t s  
o f  c h l o r i n e ,  (3 )  t he  mechanical damage caused by pump and condenser passage,  
and (4) thermal "shock" caused by exposure t o  r a p i d  and prolonged temperature  
changes. Any of t hese  phys ica l  and chemical a l t e r a t i o n s  might have k i l l e d  a t  
least  some organisms o r  a f f e c t e d  t h e i r  metabolism, growth, and v u l n e r a b i l i t y  
t o  p reda t ion  o r  d i s e a s e .  

Other s t u d i e s  have been conducted t o  s p e c i f i c a l l y  assess entrainment  
impact; some i n  t h e  f i e l d  and o t h e r s  i n  t h e  l a b o r a t o r y .  Most of t h e  l a b o r a t o r y  
s t u d i e s  have inadequa te ly  r ep resen ted  power-plant c o n d i t i o n s  (Shubel,  1974) 
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and many of t h e  f i e l d  s t u d i e s  have inadequa te ly  a s c e r t a i n e d  v a r i a b i l i t y  i n  the 
amounts of organisms e n t r a i n e d  o r  t h e  impact of entrainment .  To some 
r e s e a r c h e r s  (Shubel, 1974) t h e  e x c e p t i o n a l  v a r i a b i l i t y  of t e n  encountered i n  
f i e l d  s t u d i e s  r e q u i r e s  g r e a t e r  emphasis on l a b o r a t o r y  s t u d i e s ;  b u t  no labora
t o r y  s tudy can estimate t h e  a c t u a l  q u a n t i t i e s  of  plankton e n t r a i n e d  under vary
i n g  n a t u r a l  cond i t ions .  A few s t u d i e s  (Marcy, 1976; Masseng i l l ,  1976) have 
inco rpora t ed  d i u r n a l ,  s e a s o n a l  and annua l  v a r i a t i o n  i n  estimates of entrainment  
rates o r  entrainment  e f f e c t s .  Most s t u d i e s  have concen t r a t ed  on some l i m i t e d  
a s p e c t  of entrainment  i n p u t  such as primary p r o d u c t i v i t y ,  h e t e r o t r o p h i c  
microorganisms, phytoplankton, zooplankton, o r  l a r v a l  f i s h .  Few have i n t e g r a t e d  
t h e i r  approach t o  d e r i v e  a w h o l i s t i c  view t h a t  can be c o n t r a s t e d  w i t h  comparable 
d a t a  from t h e  source-water community. Most comprehensive, completed f i e l d  
s t u d i e s  have been conducted on  e s t u a r i e s  or  r i v e r s  r a t h e r  t han  f r e shwa te r  l a k e s .  

This  s tudy  used a n  i n t e g r a t e d ,  community approach which emphasized a s s e s s 
ment of both s h o r t  and long-term v a r i a t i o n  i n  o r d e r  t o  i d e n t i f y  more s u b t l e  
f i e l d  impacts t han  g e n e r a l l y  have been recognized i n  t h e  p a s t .  To reach t h a t  
end, s t u d i e s  were s imultaneously conducted on phytoplankton, per iphyton,  zoo
plankton,  ichthyoplankton and counnunity metabolism. These entrainment  s t u d i e s  
w e r e  conducted s imul t aneous ly  w i t h  r e l a t e d  s t u d i e s  i n  t h e  r e c e i v i n g  waters 
desc r ibed  by Cole (1976). Few d a t a  are o the rwise  a v a i l a b l e  f o r  t h e  l a r g e ,  
shallow, t u r b i d ,  warm-water  l a k e s  and r e s e r v o i r s  t h a t  comprise e x t e n s i v e  
p o t e n t i a l  sou rces  of coo l ing  water i n  t h e  United S t a t e s .  Many of t h e  conclu
s i o n s  presented h e r e  may g e n e r a l l y  apply t o  t h o s e  k inds  o f  s i tes .  
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SECTION 2 

CONCLUs IONs 

1. 	 Based on l o c a l  s t u d i e s  of c u r r e n t s ,  p l ank ton ic  organisms from anywhere i n  
t h e  2500 h e c t a r e  western b a s i n  could be en t r a ined  a t  t h e  Monroe Power 
P l a n t ,  b u t  t h e  most probable  r e g i o n a l  source is t h e  southwest c o r n e r  of t h e  
b a s i n  near t h e  mouth of t h e  Maumee River .  

2. 	 Trace r s  ( c h l o r i d e ,  d i s s o l v e d  s o l i d s  and t o t a l  s o l i d s )  revealed t h a t  chemi
c a l l y  d i s c r e t e  w a t e r  masses o f t e n  p a s s  through t h e  cool ing system ove r  
p e r i o d s  o f  less than  one day. Associated plankton popu la t ions  and n u t r i e n t  
concen t r a t ions  s i m i l a r l y  v a r i e d  because of s p a t i a l  v a r i a t i o n  i n  t h e  sou rce  
waters. On any p a r t i c u l a r  sampling d a t e ,  s t a t i s t i c a l  d i f f e r e n c e s  i d e n t i f i e d  
among sampling s t a t i o n s  i n  t h e  c o o l i n g  system r e f l e c t e d  patchy d i s t r i b u t i o n s  
more than power p l a n t  e f f e c t s .  Seasonal  o r  annual mean c o n c e n t r a t i o n s  
tended t o  average o u t  t h e  e f f e c t  of pa t ch iness  on the  d i s t r i b u t i o n s  
observed i n  t h e  coo l ing  system. 

3. 	 Power p l a n t  o p e r a t i o n  c o n s i s t e n t l y  caused minor changes i n  t h e  mean annual  
c o n c e n t r a t i o n o f  n u t r i e n t s  and plankton i n  t h e  r e c e i v i n g  waters of Lake 
E r i e .  But,  i n  most cases t h e  e f f e c t s  were unrecognizable  a f t e r  t h e  plume 
water had mixed i n t o  t h e  r e c e i v i n g  waters. 

4 .  	 Mean annual  g r o s s  primary p r o d u c t i v i t y  dec l ined  about  50% fo l lowing  con
denser  passage w h i l e  mean annua l  community r e s p i r a t i o n  n e a r l y  doubled. 
Gross primary p r o d u c t i v i t y  and community r e s p i r a t i o n  recovered as water 
passed through t h e  coo l ing  system and mixed w i t h  the l a k e  waters. Alga l  
concen t r a t ions  inc reased  s l i ' g h t l y ,  p a r t i c u l a r l y  among t h e  green and b lue -
green a l g a e ,  as d i scha rge  water passed back t o  the  l ake .  

5. 	 The inc reased  r e s p i r a t i o n  presumably w a s  caused by decomposition of d i s 
so lved  o r g a n i c s  drawn i n t o  t h e  coo l ing  system. P a r t i c u l a t e  o r g a n i c  carbon 
inc reased  wi th  passage as d i s so lved  o r g a n i c  carbon dec l ined  b u t  t h e  t o t a l  
o rgan ic  carbon exported t o  t h e  l a k e  remained unchanged. Oxygen d e p l e t i o n  
i n  t h e  plume w a s  about t he  same as i n  the  l a k e .  Winter passage caused a n  
oxygen s u p e r s a t u r a t i o n  of 100 t o  120%. 

6. 	 T o t a l  non-gaseous n i t r o g e n ,  i n o r g a n i c  carbon, and phosphorus d e c l i n e d  more 
than  expected by s imple d i l u t i o n  as w a t e r  mixed w i t h  r e c e i v i n g  w a t e r s .  
Consider ing changes i n  n u t r i e n t  concen t r a t ions  i n  t h e  water column, t h e  
q u a l i t y  of d i scha rge  water improved w i t h  passage; adding h e a t  may have 
a c c e l e r a t e d  t h e  decay of t h e  excess ive  o rgan ic  load i n  t h e  R a i s i n  River .  
On t h e  o t h e r  hand,  e r o s i o n  i n  t h e  d i scha rge  cana l  i nc reased  t h e  sediment 
l oad ing  i n  the  d i scha rge  water. 
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7. 	 Mean annual zooplankton d e n s i t i e s  i n  t h e  water samples w e r e  n e a r l y  halved 
by condenser passage b e f o r e  water passed beyond t h e  upper d i scha rge  c a n a l .  
P i l o t  s t u d i e s  i n d i c a t e  t h a t  m o r t a l i t y  w a s  s i z e - r e l a t e d  b u t  t h e  numerical  
d e c l i n e  w a s  no t  r e l a t e d  t o  t h e  time of day, s i z e  o r  taxonomy o f  t h e  
organism. For most of t h e  smaller s p e c i e s ,  50% m o r t a l i t y  would have a 
n e g l i g i b l e  e f f e c t  on wes te rn  Lake Erie because of t h e  r e l a t i v e l y  l a r g e  
water volume and e f f e c t i v e  mixing i n  t h e  b a s i n .  

8. 	 Severa l  f i s h  s p e c i e s  i n  t h e  area tend t o  feed s e l e c t i v e l y ,  p a r t i c u l a r l y  
f avor ing  t h e  l a r g e  Leptodora k i n d t i i .  This  s p e c i e s  a l s o  seemed p a r t i c u l a l y  
s u s c e p t i b l e  t o  entrainment  e f f e c t s .  The Monroe Power P l a n t  may have a c t e d  
l i k e  a competi tor  f o r  p l ank t ivo rous  f i s h e s .  

9 .  	 Open, plankton n e t s  w e r e  a t  least  as e f f e c t i v e  f o r  sampling f i s h  l a r v a e  as 
a Kenco pump o r  a high-speed n e t .  Length of tow from 1 t o  5 minutes d i d  
no t  a f f e c t  c a t c h  rate, b u t  t h e  s i z e  of mesh used w a s  c r u c i a l .  The smallest 
mesh used,  3 6 1 - ~ ,  caught more larvae than  mesh s i z e s  of 571-u, 760-11, o r  
~ O O O - F ~ .  Oblique tows y i e l d e d  approximately the  same mean y i e l d  as s t ra t i 
f i e d  tows above t h e  bottom. 

10. 	 L a r v a l  s t u d i e s  i n d i c a t e d  t h a t  m o r t a l i t y  caused by passage w a s  h i g h ,  b u t  
t h e  l a r v a e  of some f i s h  s p e c i e s  probably hatched i n  t h e  d i scha rge  cana l .  
S p a t i a l  and temporal v a r i a b i l i t y  w a s  ve ry  g r e a t ,  making i t  d i f f i c u l t  t o  
p r e c i s e l y  d e s c r i b e  geograph ica l  d i s t r i b u t i o n s  i n  t h e  b a s i n ,  p a r t i c u l a r l y  
f o r  scarce s p e c i e s .  Geographical d i s t r i b u t i o n s  of f i s h  larvae seemed 
s p e c i e s  dependent and some s p e c i e s  appeared more abundant o f f s h o r e  than  
onshore.  
All larvae appeared t o  be concen t r a t ed  very nea r  t h e  bottom dur ing  t h e  day11. 
and moved up from t h e  bottom a t  n igh t .  
bottom more t h a n  o t h e r s ,  i n d i c a t i n g  t h a t  c u r r e n t s  w e r e  less l i k e l y  t o  c a r r y  

Some s p e c i e s  s t a y e d  c l o s e  t o  t h e  

them long d i s t a n c e s  than  s p e c i e s  t h a t  moved f a r t h e r  from t h e  bottom. 
Because of t h i s  d i u r n a l  c y c l e ,  l a r g e r  numbers of f i s h  l a r v a e  are l i k e l y  t o  
b e  e n t r a i n e d  a t  n i g h t  t han  du r ing  the  day. 

12. 	 Because larvae are c l o s e l y  a s s o c i a t e d  w i t h  t h e  bottom dur ing  t h e  day and 
t h e  e f f e c t i v e n e s s  of n e t  sampling nea r  t h e  bottom wi thou t  u s i n g  a bottom 
s l e d  is dep th  dependent,  daytime sampling wi thou t  a bottom s l e d  is l i k e l y  
t o  i n d i c a t e  s p u r i o u s l y  h i g h e r  concen t r a t ions  near s h o r e  compared t o  o f f 
shore.  Nighttime sampling wi thou t  a s l e d  i s  l e s s  b i a s e d  because l a r v a e  
are less concen t r a t ed  nea r  t h e  bottom. 

13. 	 Spec ie s  of l a rva l  f i s h  and o t h e r  organisms a s s o c i a t e d  most ly  w i t h  t h e  
r i v e r  and a d j a c e n t  marshes seem more vu lne rab le  to  entrainment  e f f e c t s  
than lake popu la t ions  because most of t h e  r i v e r  water i s  used f o r  c o o l i n g  
purposes,  Some of t h e s e  s p e c i e s  are r e l a t i v e l y  impor t an t  economically 
and e c o l o g i c a l l y  b u t  are so s c a r c e  as larvae i n  t h e  open l a k e  t h a t  i t  i s  
imposs ib l e  t o  e f f e c t i v e l y  judge t h e  impact of the power p l a n t  on t h e i r  
populat ions.  These s p e c i e s  inc lude  c e n t r a r c h i d s ,  i c t a l u r i d s ,  e s o c i d s  and 
some c y p r i n i d s .  

14, 	 R e l a t i v e l y  s m a l l  p ropor t ions  of l a k e  populat ions appeared t o  b e  v u l n e r a b l e  
t o  power p l a n t  entrainment;  u s u a l l y  less than 0 .1  t o 1 . 0 %  of c rude ly  
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e s t i m a t e d  basin-wide abundances i n c l u d i n g  yel low perch ,  w h i t e  b a s s ,  smelt 
and s h i n e r s .  Other  s p e c i e s  may have r e l a t i v e l y  l a r g e  p ropor t ions  of 
t h e i r  popu la t ions  en t r a ined ;  p a r t i c u l a r l y  c lupe ids  and f r e s h w a t e r  drum. 
More informat ion  on l a rva l  f i s h  d i s t r i b u t i o n s ,  r e c r u i t m e n t ,  and n a t u r a l  
m o r t a l i t y  is requ i r ed  t o  r e f i n e  these  p re l imina ry  estimates. 
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SECTION 3 

SITE DESCRIPTION 

POWER PLANT DESCRIPTION 

This s tudy  w a s  conducted a t  t h e  Monroe Power P l a n t ,  a f o s s i l - f u e l ,  steam-
e l e c t r i c  f a c i l i t y  ope ra t ed  by t h e  D e t r o i t  Edison Company on t h e  wes te rn  sho re  of 
Lake E r i e  nea r  t h e  R a i s i n  River (Fig.  1 h 2 ) .  A l l  f o u r  of t h e  p l a n t ' s  genera
t i n g  u n i t s  w e r e  completed by mid-1974 w i t h  a n e t ,  t o t a l  c a p a b i l i t y  of 3,150 
megawatts. The water demand f o r  once-through coo l ing  depends on power product ion 
and ambient water temperature ,  b u t  t h e  maximum requirement is about  85 m3 p e r  
second. The water i s  pumped i n  va ry ing  p ropor t ions  from t h e  R a i s i n  River and 
Lake Erie. During s p r i n g  runoff  t h e  R a i s i n  River  may c o n t r i b u t e  more than 95 
pe rcen t  of t he  coo l ing  w a t e r  w h i l e  i t  c o n t r i b u t e s  less than f i v e  p e r c e n t  du r ing  
t h e  low flow of l a t e  s m e r ,  The b i o t a  of t h e  l a k e  and river sources  d i f f e r s ,  
so t h e  s p e c i e s  composition i n  t h e  water pas s ing  through the condenser system 
r e f l e c t s  changes i n  s o u r c e w a t e r  p ropor t ions  as w e l l  as n a t u r a l ,  s e a s o n a l  
f l u c t u a t i o n s .  

Water e n t e r s  t h e  coo l ing  system through a 100-m long i n t a k e  canal t h a t  is  
l o c a t e d  about 6-50-m upstream from t h e  river mouth. P r i o r  t o  condenser e n t r y ,  
t h e  w a t e r  p a s s e s  through a t r a v e l i n g  s c r e e n  w i t h  1-cm, d i agona l  openings.  Water 
then  e n t e r s  t h e  condenser where water v e l o c i t i e s  u s u a l l y  exceed 2 d s e c  and t h e  
temperature rises t o  about 10°C aboveambient a t  f u l l  pumping and power produc
t i o n .  But, power g e n e r a t i o n  and pumping rates have v a r i e d  wide ly  s o  recorded 
temperature e l e v a t i o n s  have ranged from 0 t o  17°C. The h i g h e s t  temperature  
e l e v a t i o n s  were recorded i n  w i n t e r  when coo l ing  water pumping rates p e r  u n i t  
of power g e n e r a t i o n  w e r e  reduced t o  supply heated e f f l u e n t  f o r  a r e c i r c u l a t i o n  
system t h a t  is  used t o  c o n t r o l  ice accumulation i n  t h e  i n t a k e .  

The coo l ing  system has a 27,917 m2, double-flow Type M, s i ng le -pass ,  
divided-surface condenser w i t h  18,154 tubes .  Each tube h a s  an e f f e c t i v e  l eng th  
of 17.6 -m and 2.54-cm o u t s i d e  d i ame te r ,  The hea ted  condenser water i s  r e l e a s e d  
i n t o  a 350-m long,  conc re t e  condui t  where water v e l o c i t i e s  are about  1 m/sec 
a t  f u l l  ope ra t ion .  The water then passes  i n t o  a rock-walled, d i scha rge  c a n a l  
which averages 175-mwideY 7-m deep i n  t h e  upper end, 3-m deep i n  t h e  lower end 
and i s  2000-m long ,  A t  f u l l  pumping, t h e  upper d i scha rge  canal v e l o c i t i e s  
average about 6 cm/sec and lower c a n a l  v e l o c i t i e s  average about  12  cm/sec. 
However, t h e  v e l o c i t y  i s  n o t  uniform because high v e l o c i t y  waters,  approaching 
1 m/sec, enter t h e  d i scha rge  c a n a l  from t h e  overflow condu i t  and form a n  eddy 
of s lower w a t e r  on t h e  east s i d e .  This adds t o  t h e  v a r i a b i l i t y  of organismic 
r e s idence  t i m e s  i n  t h e  d i scha rge  cana l .  Plum Creek d r a i n s  i n t o  t h e  d i scha rge  
c a n a l  b u t  c o n t r i b u t e s  less than  one pe rcen t  of t h e  volume-flow through t h e  
lower canal .  
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F i g u r e  1 .  	 Map o f  t h e  s tudy  area showing t h e  l o c a t i o n s  sampled f o r  water  
chemist ry ,  phy top lank ton ,  zooplankton, community metabol ism 
and p e r i p h y t o n .  
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Figure 2. 	 Map of the study area showing the locations sampled for larval 
fish. 
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A t  f u l l  o p e r a t i o n ,  w a t e r  passage through t h e  coo l ing  sys tem back t o  Lake 
E r i e  averages n e a r l y  4.5 hours .  Ca lcu la t ed  passage  t i m e s  through t h e  t h r e e  
main p a r t s  of t h e  coo l ing  system were seven  seconds through t h e  condenser ,  20 
minutes  through t h e  conc re t e  condui t ,  and f o u r  hours  through t h e  d i scha rge  cana l .  

The f i r s t  p l a n t  u n i t  s t a r t e d  i n  May, 1971, and t h e  remaining u n i t s  s t a r t e d  
a t  approximately one y e a r  i n t e r v a l s  t h e r e a f t e r  u n t i l  complet ion i n  May, 1974. 
P re l imina ry  ope ra t ions  were e r r a t i c ,  b u t  s t a b i l i z e d  a s  more u n i t s  con t r ibu ted  
power; 94 percent  of a l l  p l a n t  shutdowns t o  d a t e  occurred  i n  1971 and 1972 
(The D e t r o i t  Edison Company, 1976).  

A f t e r  l e a v i n g  t h e  d ischarge  cana l ,  t h e  hea ted  e f f l u e n t  formed a plume 
which extended up t o  6 km from t h e  mouth of  t h e  cana l .  The l a r g e s t  p lume 
measured by The D e t r o i t  Edison Company (1976) encompassed abou t  860 h a  t o  the  
1 . 7 " C  (3'F) isotherm. The plume p o s i t i o n  and s i z e  depended on t h e  pumping 
r a t e ,  power genera t ion  ra te  and t h e  d i r e c t i o n  and v e l o c i t y  of t h e  wind. Heat 
d i s s i p a t i o n  from t h e  plume occurred w i t h i n  one t o  two days.  

Chlor ine  was added t o  t h e  coo l ing  wa te r  a t  t h e  i n t a k e  t o  c o n t r o l  growths 
i n  t h e  condenser;  two times p e r  day du r ing  summer and once p e r  day du r ing  
w i n t e r .  During the  w a r m  months (Apri l -October) ,  c h l o r i n e  w a s  added a t  one 
hour  i n t e r v a l s  f o r  f o u r  hours  s t a r t i n g  a t  0700 hours  and then  a g a i n  f o r  fou r  
hours  a t  2030 hours .  I n  w i n t e r ,  c h l o r i n e  w a s  i n j e c t e d  for  0.5 hour  p e r i o d s  a t  
0700, 0900, 1100, and 1300 hours .  The h i g h e s t  c o n c e n t r a t i o n  of c h l o r i n e  
measured i n  t h e  upper d i scha rge  c a n a l  by  t h e  Company w a s  0.29 m g / l i t e r  (The 
D e t r o i t  Edison Company, 1976).  

THE COOLING WATER SOURCES 

The wes te rn  b a s i n  of Lake Erie is  a sha l low (d = 7 . 3  m), h i g h l y  t u r b i d  
area that is p a r t i a l l y  sepa ra t ed  from t h e  rest of Lake Er ie  by t h e  Bass I s l a n d s  
and P o i n t  Pe lee .  Beeton (1961) a t t r i b u t e d  t h e  h igh  t u r b i d i t y  t o  wind-generated 
r e suspens ion  o f  sed iments ,  r i ve r  d i scha rges ,  and plankton.  Photometr ic  mea
surements  made du r ing  t h i s  s tudy  i n d i c a t e d  that  on ly  0 .1  p e r c e n t  of t h e  t o t a l  
mean s u r f a c e  l i g h t  pene t r a t ed  t o  t h e  5-m depth  dur ing  s p r i n g  and summer. Wind-
gene ra t ed  mixing u s u a l l y  ma in ta ins  v e r t i c a l  homeothermy i n  t h e  b a s i n  b u t  calms 
o c c a s i o n a l l y  a l low temporary s t r a t i f i c a t i o n  f o r  a f e w  consecu t ive  days (Carr 
e t  a l . ,  1965).  

The s u r f a c e  area of t h e  b a s i n  i s  3,276 km2 (Carr et &., 1965) and t h e  
s h o r e l i n e  i s  cha rac t e r i zed  by n a t u r a l  and a r t i f i c i a l  i s l a n d s ,  p e n i n s u l a s ,  
s p i t s ,  and f looded r i v e r  mouths. The s p a t i a l  d i v e r s i t y  a long t h e  s h o r e s  pro
v ides  numerous types  o f  fish-spawning h a b i t a t  i n c l u d i n g  marshes ,  rocky r e e f s ,  
and sand and g r a v e l  b a r s .  Most of the bottom sediment  nea r  s h o r e  i s  composed 
of c o a r s e ,  medium, and f i n e  sand which g rades  i n t o  s i l t  and c l a y  i n  t h e  deeper 
waters o f f  s h o r e  (Kel ly  and Cole,  1976).  

The D e t r o i t  River annua l ly  c o n t r i b u t e s  abou t  95 p e r c e n t  o f  t h e  flow t o  t h e  
wes te rn  b a s i n  of  Lake E r i e  w h i l e  t h e  Maumee River, t h e  second l a r g e s t  t r i b u 
t a r y ,  c o n t r i b u t e s  2.5 pe rcen t .  The R a i s i n  River c o n t r i b u t e s  less t h a n  0.3 
p e r c e n t  (Ecker and Cole,  1976).  The l o c a t i o n s  o f  t h e s e  r ivers  are  shown i n  
F igu res  1 and 2. S i g n i f i c a n t  numbers of l a rva l  f i s h  may e n t e r  t h e  s t u d y  a r e a  
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from each of t hese  r ivers ,  The combination of  t r i b u t a r i e s  and p r e v a i l i n g  south
w e s t e r l y  winds g e n e r a l l y  causes  the  water  i n  t h e  southwestern co rne r  of t h e  
b a s i n  t o  c i r c u l a t e  i n  a c lockwise eddy (Har t ley  e t  a l . ,  1966).  But, pronounced 
day t o  day v a r i a t i o n s  can occur because of changing winds and t r i b u t a r y  d i scha rge .  
Water from t h e  D e t r o i t  River  predominates o f f  sho re  whi le  w a t e r  from t h e  Maumee 
and R a i s i n  Rivers  dominate t h e  w e s t  shore  south  of Stony Po in t .  Mean r e s u l t a n t  
w a t e r  v e l o c i t i e s  i n  t h e  l ake  are 1 .6  t o  2.0 km/day; b u t  du r ing  s torms ,  plankton 
from e i t h e r  t h e  Detroit o r  Maumee Rivers could reach  the  s t u d y  a r e a  w i t h i n  a 
day and plankton from t h e  i s l a n d  r e g i o n  of t he  b a s i n  could reach  the  power p l a n t  
i n  two days.  Wind v e l o c i t i e s  of 51.5 km/hour o r  more occur  an average of 23 
days lyea r .  

U n t i l  r e c e n t l y ,  t he  lower Ra i s in  River was h igh ly  p o l l u t e d  w i t h  municipal  
and i n d u s t r i a l  wastes, p a r t i c u l a r l y  b iodegradable  organics .  Anoxia was once 
common dur ing  summer, b u t  improvements i n  w a s t e  t rea tment  have p a r t i a l l y  
mi t iga t ed  harmful impacts.  
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SECTION 4 

MATERIALS AND METHODS 

WATER MOVEMENT 

Curren t  v e l o c i t i e s  were e s t i m a t e d  w i t h  drogues,  a Gurley Curren t  Meter, a 
f i l m  r eco rd ing  c u r r e n t  meter (Genera l  Oceanics)  and c a l c u l a t i o n s  based on cool
i n g  system morphometry and pumping ra tes .  The Gurley Curren t  Meter w a s  used t o  
s a m p l e  23 t o  26 p o i n t s  a long  a c r o s s  s e c t i o n a l  p r o f i l e  o f  t h e  conc re t e  condui t  
j u s t  upstream from where i t  e n t e r e d  t h e  d i scha rge  canal .  Drogues were con
s t r u c t e d  from two masonite  pane l s  (0.6 x 1 . 2  m) se t  perpendicular  t o  each o t h e r  
and weighed t o  equ i l ib r ium w i t h  t h e  water. These were a t t ached  t o  a 38 em x 
2.5 c m  Styrofoam f l o a t .  The drogues w e r e  followed f o r  one t o  s e v e r a l  hours  
and t h e  d i s t a n c e s  recorded.  The f i l m  r eco rd ing  cu r ren t  meter y i e lded  d a t a  from 
near bottom i n  t h e  lower d i scha rge  c a n a l  f o r  14 days i n  1973 and a t  P10 i n  t h e  
l a k e  f o r  20 days i n  1975. It a l s o  y i e l d e d  d a t a  from 2.5 m a t  P10 f o r  n i n e  days 
i n  1975. Drogues w e r e  set a t  t h e  s u r f a c e  and 1-m and 3-m below t h e  s u r f a c e  a t  
s t a t i o n  P10. For c u r r e n t  measurements w i t h i n  t h e  coo l ing  system drogues were 
s e t  a t  1 to  5-m depths  i n  se ts  of  five r e p l i c a t e s .  Pumping rates were obta ined  
from r e c o r d s  k e p t  by the D e t r o i t  Edison Company and c a l c u l a t i o n s  based on 
c h l o r i d e  concen t r a t ions .  

CHEXISTRY, PLANKTON AND PERIPHYTON 

Chemistry 

The water chemis t ry ,  phytoplankton,  zooplankton and primary p r o d u c t i v i t y  
a l l  were sampled a t  t h e  same s t a t i o n s  (F ig .  1) and on t h e  same schedule  (Table  
1). 

The sampling f o r  p lankton ,  pr imary p r o d u c t i v i t y  and w a t e r  chemis t ry  was 
conducted a t  seven s t a t i o n s  i n  t h e  c o o l i n g  system. The river and l a k e  source-
waters were sampled a t  s t a t i o n s  9 and 1 7 .  The water a t  t hose  two l o c a t i o n s  
could b e  r e p r e s e n t a t i v e l y  a s ses sed  w i t h  r e l a t i v e l y  few samples i n  c o n t r a s t  t o  
t h e  water i n  t h e  s h o r t  (100 m) i n t a k e  canal which was u s u a l l y  incomple te ly  
mixed wi th  h i g h l y  v a r i a b l e  p r o p o r t i o n s  and d i s t r i b u t i o n s  o f  l a k e  and r ive r  
waters. Therefore ,  i n t a k e  s t a t i o n  18 was c a l c u l a t e d  by p ropor t ion ing  flows 
from the  r i v e r  and l a k e  once t h e  p r o p o r t i o n s  of l a k e  and r iver  water had been  
c a l c u l a t e d  from data  ga the red  on c h l o r i d e s ,  t o t a l  s o l i d s ,  d i s so lved  s o l i d s ,  
p l a n t  pumping r a t e s  and U.S.G.S. measures o f  r iver d ischarge .  V i r t u a l l y  a l l  r i v e r  
water i s  drawn i n t o  t h e  coo l ing  system, and t h e  ba lance  is made up by  l a k e  
water. U.S.G.S. f low d a t a  came from LO-km upstream, and t h e r e f o r e ,  
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underestimated river flow a t  t h e  power p l a n t ,  A p a r t i a l  c o r r e c t i o n  of 1.5 
m3/sec w a s  made t o  account f o r  a d d i t i o n s  from t h e  C i t y  of Monroe, Michigan, 

The d i s c h a r g e  c a n a l  was sampled a t  t he  upstream end ( s t a t i o n  1 2 ) ,  t h e  
middle ( s t a t i o n  8) ,  and the downstream end ( s t a t i o n  14) .  The thermal plume 
was sampled a t  s t a t i o n  15, a p o i n t  l o c a t e d  a long  t h e  c e n t r a l  a x i s  where t h e  
temperature was abou t  one-half t h e  d i f f e r e n c e  between t h e  l a k e  temperature  and 
t h e  temperature  i n  t h e  lower d i s c h a r g e  cana l .  For example, when Lake Erie  was 
10°C and t h e  lower d i scha rge  c a n a l  was 18"C, s t a t i o n  1 4  was  about 14°C. S ta 
t i o n  16 w a s  l o c a t e d  a long  t h e  c e n t r a l  a x i s  n e a r  the plume edge a t  a tempera
t u r e  about 1 t o  2°C above ambient.  

Chemical d i s t r i b u t i o n s  w e r e  sampled every 8 t o  10 weeks. Each s t a t i o n  w a s  
sampled w i t h  a 4 . 1  o r  8 . 1 - l i t e r  Van Dorn w a t e r  b o t t l e .  F ive  r e p l i c a t e s  were 
ob ta ined  from each s t a t i o n  a t  randomly l o c a t e d  dep ths  excep t  a t  s t a t i o n s  14 t o  
16. Because t h e s e  l a t t e r  s t a t i o n s  were shal low,  s t a t i o n  1 4  (3-m deep) w a s  
sampled  near  t h e  s u r f a c e  and j u s t  above t h e  bottom, w h i l e  t h e  two plume sta
t i o n s  (1 t o  2 m deep) were sampled on ly  nea r  t h e  s u r f a c e .  

Water temperature  and oxygen c o n c e n t r a t i o n  were measured i n  d u p l i c a t e  a t  
each of the  seven s t a t i o n s  a t  1-m i n t e r v a l s  from t h e  s u r f a c e  t o  t h e  bottom. 
Those samples, as w e l l  as samples used t o  assess the c o n c e n t r a t i o n s  of c h l o r i d e  
and t o t a l  s o l i d s ,  were taken a t  t h r e e  t i m e  pe r iods  on each sampling t r i p .  The 
time p e r i o d s  were i n  t h e  morning (0800 t o  1200) ,  a f t e r n o o n  (1300 t o  18001, and 
evening (0900 t o  0100). This  sampling e f f o r t  w a s  t h e  same from November, 1972 ,  
t o  September, 1973. The remaining chemical  parameters  were measured on ly  f o r  
one of t h e  three sampling t i m e s  on each sampling t r i p  ( T a b l e  I); b u t  n o t  
n e c e s s a r i l y  t h e  same t i m e  per iod o n  a l l  trips. These chemical parameters i nc luded  
suspended s o l i d s ,  d i s s o l v e d  s o l i d s ,  t o t a l  phosphorus, n i t r a t e - n i t r o g e n ,  ammonia-
n i t r o g e n ,  t o t a l  o rgan ic  carbon, and d i s so lved  o rgan ic  carbon ( ~ 0 . 4 5 ~ ) .Par
t i c u l a t e  phosphorus and o r g a n i c  carbon were c a l c u l a t e d  by d i f f e r e n c e  between 
t o t a l  and d i s s o l v e d  concen t r a t ions .  Organic n i t r o g e n  w a s  c a l c u l a t e d  by t h e  
d i f f e r e n c e  between Kje ldah l -n i t rogen  and ammonia-nitrogen. Previous work 
(Cole, 1972) e s t a b l i s h e d  t h a t  n i t r i t e  c o n c e n t r a t i o n s  were n e g l i g i b l e  i n  t h e  
s tudy area so t o t a l  i n o r g a n i c  n i t r o g e n  and totalnon-gaseous n i t rogenwere  calcu
l a t e d o n l y  f romni t r a t e -no t rogen ,  ammonia-nitrogen, and organic-ni t rogen.  

Temperature and oxygen were measured wi th  a YSI oxygen meter t h a t  w a s  
r e g u l a r l y  s t anda rd ized  a g a i n s t  Winkler t i t r a t i o n s .  Oxygen measurements were 
w i t h i n  0.5 m g l l i t e r  of the  Winkler de t e rmina t ions .  Pe rcen t  s a t u r a t i o n  of 
oxygen w a s  c a l c u l a t e d  from d a t a  p re sen ted  i n  A . P . H . A .  (1971).  Chemistry was 
measured mostly as o u t l i n e d  i n  EPA (1971). Water samples f o r  eve ry th ing  b u t  
c h l o r i d e  were p re se rved  i n  t h e  f i e l d  w i t h  Hg2C12, then analyzed as desc r ibed  
by EPA (1971).  Chlor ide samples  were not preserved. 

The t o t a l  suspended s o l i d s  ( se s ron )  were d e f i n e d  as t h e  d ry  weight g a i n  
of a m i l l i p o r e  f i l t e r  (0.45-u) from 100-ml of w a t e r  passed through the f i l t e r .  
The f i l t e r s  w e r e  d r i e d  i n  a d e s s i c a t o r ,  weighed and then d r i e d  
t o  cons t an t  weight.  Two sample  b l a n k s  were f lu shed  wi th  d i s 
t i l l e d  w a t e r  and handled s i m i l a r l y  i n  eve ry  r e s p e c t .  Weight changes i n  t h e  
b l anks  were assumed t o  b e  caused by moisture .  The estimates of suspended 
s o l i d s  were c o r r e c t e d  f o r  t he  measured moi s tu re  accumulation t h a t  could not 
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b e  removed from the f i l t e r  by d e s s i c a t i o n ,  To determine t o t a l  s o l i d s ,  u n f i l 
t e r e d  samples w e r e  evaporated t o  c o n s t a n t ,  dry weight .  Dissolved s o l i d s  w e r e  
c a l c u l a t e d  a s  t h e  d i f f e r e n c e  between t o t a l  s o l i d s  and suspended s o l i d s .  

Phosphorus c o n c e n t r a t i o n s  w e r e  determined by a m o d i f i c a t i o n  of a technique 
desc r ibed  by Wadelin and Mellon (1953). Both t o t a l  and f i l t e r e d  (0.45-1.11, 50-ml 
a l i q u o t s  were hydro l i zed  t o  determine t o  t a l  and t tdissolved" phosphorus, 
r e s p e c t i v e l y .  About 10-ml of d o u b l e - d i s t i l l e d  water w e r e  added t o  t h e  b o i l i n g  
f l a s k s ,  t hen  t h e  c o n t e n t s  were n e u t r a l i z e d  w i t h  pheno tha l i en ,  0.02 N2H2S04 and 
0 . 2  NaOH. Then t h e  samples were t r a n s f e r r e d  t o  500-ml, pear-shaped, s e p a r a t o r y  
funne l s .  Each f l a s k  w a s  r i n s e d  twice w i t h  10 m l  of double-dist-lled 
water and each r i n s e  w a s  added t o  t h e  funne l  w i t h  4 m l  o f  concen t r a t ed  hydro
c h l o r i c  a c i d ,  15 m l  of l - b u t e r o l  and 15 m l  of chloroform-buterol  mixture .  The 
funne l  w a s  then s toppered and shaken f o r  5 minutes. A f t e r  complete s e p a r a t i o n ,  
t h e  lower l a y e r  w a s  d ra ined  away. Exac t ly  10 m l  o f  ch lo ro fo rm-bu te ro lwere  
added w i t h  3 ml of a 1 0  p e r c e n t ,  ammonium molybdate s o l u t i o n .  The funne l  w a s  
then shaken f o r  4 minutes  and, a f t e r  s e p a r a t i o n ,  t h e  absorbance of t h e  lower 
l a y e r  w a s  determined a t  310 mp. 

N i t r a t e - n i t r o g e n  was determined w i t h  t h e  modified Brucine method desc r ibed  
b y  J e n k i n s  and Medsker (1964). Ammonia-nitrogen and K j e l d a h l  n i t r o g e n  were 
determined as desc r ibed  by EPA (1971) b u t  t h e  50-ml sample w a s  d i s t i l l e d  follow
i n g  n e s s l e r i z a t i o n .  

Carbeon c o n c e n t r a t i o n s  were determined on a Beckman single-channel carbon 
analyzer  as d e s c r i b e d  by the  EPA (1971). T o t a l  o r g a n i c  carbon w a s  determined 
af ter  adding HC1 t o  a pH <1. Dissolved o r g a n i c  carbon w a s  analyzed by pass ing  
a samplethrough a cleaned ( f lu shed  w i t h  250-ml of d i s t i l l e d  w a t e r ) ,  0.45-11 
M i l l i p o r e  f i l t e r ,  t r ea t ingwi thHC1un t i l t hepHr .was Iand thensweep ingwi thn i t rogen .  

Phytoplankton 

Phytoplankton samples were drawn from t h e  same Van Dorn water c o l l e c t i o n s  
used f o r  c h l o r i d e  and t o t a l  s o l i d s  (Table 1 ) .  During t h e  f i r s t  yea r  of t h e  
study; t o  Septeuher ,  1973, emphasis w a s  placed on t h e  short- term v a r i a t i o n  
a s s o c i a t e d  w i t h  d i f f e r e n t  t i m e s  o f  t h e  day (morning, a f t e r n o o n  and evening) and 
d i f f e r e n t  l o c a t i o n s  i n  t h e  coo l ing  system. A l l  phytoplankton w e r e  i d e n t i f i e d  
t o  t h e  m o s t  s p e c i f i c  taxa p o s s i b l e  on ly  i n  t h e  a f t e rnoon  samples.  Morning and 
evening samples were i d e n t i f i e d  t o  class.  

A f t e r  September, 1973, i n  t h e  l a s t  two yea r s  of t h e  s t u d y ,  t h e  emphasis w a s  
placed on long-term annual  comparisons o f  entrainment  ra tes  r a t h e r  t han  s h o r t -
term v a r i a t i o n s .  Plankton were sampled on ly  a t  s t a t i o n s  17,  9 ,  12  and 1 4  (5 
replicates each as  i n  t h e  f i r s t  yea r )  i n  t h e  af ternoon.  A l l  phytoplankton were 
i d e n t i f i e d  t o  genus,  excep t  a t  s t a t i o n  1 2 ,  where they  were s t i l l  i d e n t i f i e d  t o  
s p e c i e s  whenever p o s s i b l e .  

Subsamples of 480 m l  were drawn o f f  and p rese rved  w i t h  20 m l  of 37% formal
dehyde s o l u t i o n  f o r  a l l  phytoplankton c o l l e c t i o n s .  Algae w e r e  enumerated w i t h  
t h e  membrane-fi l ter  ( 0 . 4 5 7 1 )  technique desc r ibed  by McNabb (1960) and adapted 
by APHA (1971). Algal  counts  w e r e  based on t h e  n a t u r a l  l i v i n g  u n i t ,  b e  i t  a 
cel l ,  colony, o r  f i l a m e n t .  The conversion from a t axon ' s  f requency i n  30 
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microscope f i e l d s  t o  t h e i r  sample d e n s i t y  was determined us ing  the f o l l o w i a g  
equat ion:  

numbers/ml = d 
(quadrant  a r e a  i n  urn2) x (mi f i l t e r e d )  

where d is  t h e  t h e o r e t i c a l  dens i ty  corresponding t o  a given f requency .  

The diatoms c o l l e c t e d  on the  f i l t e r  cou ld  b e  r e l i a b l y  i d e n t i f i e d  O R ~ Vt o  
t h e  c e n t r i c  o r  pennate  taxonomic l e v e l ,  Spec ies  i d e n t i f i c a t i o n s  were made f r o m  
permanent mounts prepared according t o  Weber (1970) from combined concen t r a t e s  
of r e p l i c a t e s  from one s t a t i o n .  The propor t ions  of s p e c i e s  found i n  these  p r e 
p a r a t i o n s  w e r e  t hen  used t o  c a l c u l a t e  t h e  abundance of each s p e c i e s  c o l l e c t e d  
on t h e  f i l t e r .  

The phytoplankton i d e n t i f i c a t i o n s  were der ived  from keys and d e s c r i p t i o n s  
which inc luded  Hustedt  (19301, T a f t  ( 1 9 4 5 1 ,  T a f t  and T a f t  (1971) and Weber 
(1970). The coccoid blue-green a l g a e  were c l a s s i f i e d  accord ing  t o  t h e  r e v i s i o n s  
byDroue tand  Dai ly  (1956). Some ques t ionable  forms were r e f e r r e d  t o  D r .  D.C. 
Jackson and D r .  F. Begres of Eas te rn  Michigan Un ive r s i ty  a t  Y p s i l a n t i ,  Michigan. 

The volume of a taxon i n  a sample was c a l c u l a t e d  by mul t ip ly ing  t h e  d e n s i t v  
by t h e  e s t ima ted ,  mean specimen volume. The mean specimen volume w a s  determined 
from modif ied,  geometr ic  formulae app l i ed  t o  s i z e s  of t h e  counted specimens. 
The mean volumes w e r e  averaged f o r  a l l  s t a t i o n s  sampled on one d a t e .  I f  fewer 
than 10 specimens were observed on a s i n g l e  c o l l e c t i n g  d a t e ,  a mean annual ,  
specimen volume w a s  used f o r  all d a t e s .  The mean specimen volumes of phyto
plankton classes were c a l c u l a t e d  as t h e  sum of a l l  class volumes. The biomass 
(carbon conten t )  w a s  de r ived  from volume estimates us ing  formulae c a l c u l a t e d  
by Strathmann (1967). 

D i v e r s i t y  i n d i c e s  were computed f o r  a lgae  c o l l e c t e d  a t  each  s t a t i o n  us ing  
Shannon's index  as desc r ibed  i n  P ie lou  (1969,  pg. 231-235). Evenness, o r  
e q u i t a b i l i t y ,  w a s  computed as  E = H/logl*s where E is  t h e  d i v e r s i t y  index and 
s i s  t h e  number of  d i f f e r e n t  taxa  p re sen t .  

T e s t s  o f  d i f f e r e n c e s  among s t a t i o n s  were conducted u s i n g  a n a l y s i s  of v a r i 
a n c e a f t e r  a l l  d a t a  w e r e  transformed loga r i thmica l ly .  When s i g n i f i c a n t  
d i f f e r e n c e s  appeared,  Tukey's m u l t i p l e  comparison tes t  w a s  app l i ed  a t  
c1 = 0.05. 

Per iphyton  

The a t t ached  communities were sampled dur ing  each  of the  f o u r  seasons  i n  
1973 and 1974 a t  t h e  same s t a t i o n s  sampled f o r  chemis t ry  and plankton (Table  1). 
Weather sometimes d i s r u p t e d  sampling a t  s t a t i o n s  15 and 1 6  i n  t h e  l a k e ,  Rates 
of p e r i p h y t i c  accumulation were assessed  w i t h  r e p l i c a t e  p a i r s  o f  Styrofoam 
b locks  (2.5 c m  x 5.1 cm x 7,5 cm)  which were c o l l e c t e d  every  5 t o  7 days ove r  
a 3 t o  4 week per iod .  The s l i d e s  w e r e  suspended about  0.5 m below t h e  s u r f a c e .  
The r e t r i e v e d  s u b s t r a t e s  w e r e  f rozen  u n t i l  they w e r e  p rocessed ,  The Styrofoam 
o u t e r  w a l l ,  a long  wi th  t h e  a t t ached  growth, was s h a v e d i n t o  xylene  which d i s 
solved t h e  Styrofoam. Then the  attached growth w a s  f i l t e r e d  from t h e  s o l u t i o n  
w i t h  0.45-p m i l l i p o r e  f i l t e r s .  
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Zooplankton 

The zooplankton were sampled from t h e  same 5 rep l ica tes  p e r  s t a t i o n  used 
f o r  c h l o r i d e  and t o t a l  s o l i d s ,  A s  w i t h  phytoplankton,  t he  f i r s t  y e a r ' s  (Novem
b e r ,  1972, t o  September, 1973) sampling emphasis w a s  placed on short- term 
v a r i a t i o n  a s s o c i a t e d  wi th  d i f f e r e n t  times of t h e d a y  and d i f f e r e n t  l o c a t i o n s  i n  
t h e  c o o l i n g  system. All zooplankton were i d e n t i f i e d  t o  t h e  most s p e c i f i c  t axa  
i n  a l l  r e p l i c a t e s .  Af t e r  September, 1973, i n  t h e  l a s t  two y e a r s , o f  t h e  s t u d y ,  
t h e  emphasis w a s  placed on long-term, annua l  comparisons of entrainment  rates 
r a t h e r  t han  short- term v a r i a t i o n .  Zooplankton w e r e  t hen  sampled wi th  4 r e p l i 
cates a t  a s t a t i o n  only i n  t h e  a f t e rnoon  and evening a t  s t a t i o n s  7 ,  9 ,  1 2  and 
8. 

The zooplankton were sampled w i t h  an 8.1 l i t e r ,  Van Dorn water b o t t l e .  The 
c o n t e n t s  were concen t r a t ed  i n  t h e  f i e l d  by pouring them through a f 2 5  Wisconsin 
p l ank ton  bucket.  They w e r e  preserved w i t h  5 pe rcen t  formalin.  Samples w e r e  
d i l u t e d  t o  known c o n c e n t r a t i o n s  b e f o r e  a 1-ml subsample w a s  counted i n  a 
Sedgwick-Rafter ce l l .  The animals w e r e  counted, i d e n t i f i e d  to s p e c i e s  when 
p o s s i b l e ,  and measured u s i n g  a whipple micrometer,  

Zooplankton volumes w e r e  e s t ima ted  by u s i n g  l i n e a r  measurements o f  t h e  
l e n g t h  and m a x i m u m  wid th  t o  c a l c u l a t e  t h e  volume o f  common geometr ic  f i g u r e s  
which best  approximated t h e  shape of t h e  animal.  Dry weights  were c a l c u l a t e d  
from the volumes by assuming t h a t  t h e  organisms w e r e  90%w a t e r  and t h e i r  spec i 
f i c  g r a v i t y  w a s  1 .0  (Cummins and Wuycheck, 1971). L ike  phytoplankton, t h e  
zooplanktonic  d i v e r s i t y  w a s  determined u s i n g  t h e  d i v e r s i t y  index desc r ibed  by 
P i e l o u  (1969). 

S p a t i a l  and temporal d i f f e r e n c e s  w e r e  t e s t e d  w i t h  a n a l y s i s  o f  v a r i a n c e  
after t h e  d a t a  were c o r r e c t e d  f o r  h e t e r o g e n e i t y  of va r i ance .  Tukey's test of 
m u l t i p l e  comparisons w a s  app l i ed  when s i g n i f i c a n t  (= < 0.05) d i f f e r e n c e s  e x i s t e d .  
L i n e a r  r e g r e s s i o n  ana lyses  w e r e  a l s o  used t o  assess the  r e l a t i o n  between depth 
and t h e  d i s t r i b u t i o n  of t h e  major taxa.  

Community Metabolism 

Gross primary p r o d u c t i v i t y  and community r e s p i r a t i o n  w e r e  measured a t  t h e  
same 7 s t a t i o n s  i n  the' c o o l i n g  system by t h e  change i n  oxygen technique des
c r i b e d  i n  APHA (1971). Three,  300-ml l i g h t  b o t t l e s  and t h r e e ,  300-ml d a r k  
b o t t l e s  w e r e  set nea r  t h e  s u r f a c e  (0.5-m deep i n  1972-73 and 0.2-m deep i n  
1973-75) a t  a l l  s t a t i o n s .  B o t t l e s  w e r e  suspended i n  t h e  morning, a f t e r n o o n  and 
evening on a l l  t r i p s  made from 1972 t o  1975. Water w a s  c o l l e c t e d  a t  t h e  su r 
f a c e  w i t h  a n  8.1-liter Van Dorn b o t t l e  from which a l l  s t a t i o n  t e s t - b o t t l e s  were 
f i l l e d .  The b o t t l e s  were suspended a t  0800 t o  1230 hours,  1200 t o  1800 hours  
and 2100 t o  0100 hours  ove r  t h e  s tudy  p e r i o d ,  Incuba t ions  on a p a r t i c u l a r  d a t e  
never were less than  2 hour s  o r  more than 4.5 hours .  
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FISH AND MIDGES 

Midges 

Midges, d r i f t i n g  through t h e  coo l ing  system a s  l a r v a e  o r  pupae, were co l 
l e c t e d  i n  t h e  1973 samples  t h a t  were intended f o r  p i l o t  s t u d i e s  of l a r v a l  f i s h  
d i s t r i b u t i o n s ,  They were cap tu red  a t  s t a t i o n s  P1 t o  P5 (Fig.  2) us ing a l-m 
plankton n e t  w i th  571-p mesh openings,  Each s t a t i o n  was sampled with 6 tows; 
each 5-min long (about 150m3 of w a t e r ) .  Two tows each were made a t  the bottom, 
mid-depth and t h e  s u r f a c e  wherever t h e r e  was enough depth t o  d i f f e r e n t i a t e .  
Sampling w a s  conducted every 1 t o  2 weeks during May and June. A l l  samples 
were preserved i n  5 pe rcen t  formalin.  No a t t e m p t  was made t o  i d e n t i f y  the 
midge l a r v a e  and pupae. 

Non-larval F i sh  

Food h a b i t s  of non-larval  f i s h  found i n  t h e  coo l ing  system were i n v e s t i g a t e d  
during t h e  s t u d y  per iod.  The zooplanktivorous food h a b i t s  of fou r  f i s h  s p e c i e s  
common i n  t h e  s tudy a r e a  were examined i n  conjunct ion w i t h  s t u d i e s  conducted on 
zooplankton entrainment .  These d a t a  a r e  presented i n  a r e p o r t  by  Kenaga and 
Cole (1975) which i s  included i n  Appendix ( A ) .  

Larva l  F i s h  

L a r v a l  f i s h  were f i r s t  sampled i n  a p i l o t  s tudy  conducted du r ing  1973 
(Table 2) .  Sampling took p l a c e  a t  S t a t i o n s  P1 through P5. I n  1974 and 1975, 
s t u d i e s  of larval  f i s h  entrainment  were expanded and modified so  t h a t  samples 
w e r e  taken a t  s t a t i o n s  P2 ,  P 3 ,  P6, P7,  P10, �91and P12.  The changes weae made 
t o  improve estimates of larval f i s h  entrainment  i n t o  t h e  coo l ing  system. Samp
l i n g  i n  t h e  plume a t  S t a t i o n  P 1  w a s  n o t  s a t i s f a c t o r y  because t h e  area t o  b e  
sampled w a s  o f t e n  too  shal low.  I n s t e a d ,  sampling w a s  conducted a t  t h r e e  perma
nent  s t a t i o n s  i n  deeper water which w e r e  u s u a l l y  down-current (no r th )  from the 
thermal plume. These t h r e e  s t a t i o n s  served t o  estimate t h e  v a r i a b i l i t y  of 
l a r v a l  popu la t ions  i n  t h e  l a k e  nea r  sho re  where t h e r e  w a s  a h igh  p r o b a b i l i t y  
of even tua l  entrainment  i n t o  t h e  c o o l i n g  system. 

I n  May and June,  1975, a d d i t i o n a l  s t u d i e s  were conducted on larval  f i s h  
d i s t r i b u t i o n  i n  t h e  l a k e ,  larval  f i s h  m o r t a l i t y  i n  t h e  c o o l i n g  system, and t h e  
comparabi l i ty  of d i f f e r e n t  cap tu re  techniques f o r  l a rva l  f i s h  i n  t h e  l a k e .  Four 
s t a t i o n s ,  P13 through P16, were sampled along a t r a n s e c t  which extended 16-km 
toward t h e  c e n t e r  of t h e  wes te rn  b a s i n .  The purpose of t h i s  sampling e f f o r t  
w a s  t o  t e n t a t i v e l y  assess how f i s h  larvae were d i s t r i b u t e d  i n  r e l a t i o n  t o  sho re .  
A t  another  s t a t i o n ,  P 1 7 ,  daytime comparisons were made of r e s u l t s  from d i f f e r 
e n t  sampling techniques i n c l u d i n g  a Kenco pump, high-speed plankton sample r ,  
and l - m  plankton nets of s e v e r a l  d i f f e r e n t  mesh s i z e s .  S t a t i o n  P17 was a l s o  
the s i t e  used t o  compare plankton-net t a w  l e n g t h s  and l a r v a l  depth d i s t r i b u t i o n s  
during the  day and n i g h t .  

The Kenco pump, high-speed plankton s a m p l e r  and l - m  plankton n e t  were used 
on t h e  same days f o r  comparison. The Kenco pump w a s  submersible  wi th  a r e a l i z e d  
pumping c a p a c i t y  of 6 .9  l i t e r s  pe r  second. It w a s  submersed a t  t h e  bow of an 
anchored b o a t  t o  a depth of 0.25 meters and run f o r  one hour. Pump e f f l u e n t  
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w a s  f i l t e r e d  through a 571-p nylon n e t  w i t h  a 1 ,S l i t e r  bucket.  Approximately 
25m3 w e r e  processed i n  one hour .  F ive  r e p l i c a t e s  w e r e  c o l l e c t e d  each sampling 
da te .  

The high-speed p lankton  sampler ,  desc r ibed  bv Miller (19611,  was towed 
i n i t i a l l y  a t  0.5m/sec b u t  t h a t  w a s  decreased  t o  about  0.2m/sec because l a r v a l  
f i s h  e x t r u s i o n  w a s  suspec ted  from the  h i g h  p ropor t ion  of m u t i l a t e d  l a r v a e  i n  
t h e  s a m p l e s .  The sampler w a s  mounted o f f  t h e  s i d e  of t h e  b o a t  and towed a t  a 
depth  o f  0.25 meters f o r  25 minutes .  Approximately 22m3 were sampled a t  t h e  
reduced speeds.  F ive  r e p l i c a t e  tows were made on each sampling d a t e .  

The v a r i a t i o n  i n  c a t c h  wi th  l eng th  of towing t i m e  w a s  e s t ima ted  w i t h  a 
l - m ,  571-p n e t .  A General  Oceanics (Model 2030),  d i g i t a l  f low meter was s u s 
pended i n  t h e  c e n t e r  of a l l  n e t s  towed and a l l  n e t s  were o u t f i t t e d  w i t h  p l a s t i c ,  
1.8 l i t e r  bucke t s .  Tows of  1, 2 ,  3 ,  4 ,  and 5 minutes  were made a t  t h e  s u r f a c e  
a t  s t a t i o n  P17 (Fig.  2) .  An average of 35m3/min w a s  sampled i n  t h e  tows w i t h  
no apparent  v a r i a b i l i t y  r e l a t e d  t o  towing t i m e .  F ive  r e p l i c a t e s  were made f o r  
each tow-length. 

Capture rates of larval  f i s h  i n  l - m  n e t s  of  d i f f e r e n t  mesh s i z e  were com
pared u s i n g  361-11, 571-11, 760-p, and lOOO-p, nylon-mesh s i z e s .  F ive  r e p l i c a t e  
samples were taken  w i t h  each  mesh s i z e  on each  d a t e .  The n e t s  were towed a t  
O.lm/sec a t  t h e  s u r f a c e  f o r  3 minutes ,  f i l t e r i n g  about  90m3 o f  water .  

Samples of  surface, mid-depth, deep (about  5-m deep and 1 t o  2-m above 
bottom) and o b l i q u e  tows were made a t  s t a t i o n  P17 w i t h  a 571-p n e t .  Oblique 
tows w e r e  drawn a t  a c o n s t a n t  ra te  t o  the s u r f a c e  from about  the 5-m depth.  
Five, l-min r e p l i c a t e s  ( f i l t e r i n g  about  33m3 of water) were made f o r  each 
stratum sampled. The s t a t i o n  w a s  s i m i l a r l y  sampled a t  n i g h t  w i t h  s u r f a c e ,  
mid-depth, deep and o b l i q u e  tows. I n  a d d i t i o n ,  du r ing  t h e  day,  a 571-p n e t  w a s  
towed on a bottom s l e d  f o r  3 minutes  a t  a speed o f  0.2-m/sec. Approximately 
3 1 m 3  o f  water were sampled ( e s t i m a t e  based  upon known speed and n e t  a r e a ) .  
Five r e p l i c a t e s  w e r e  c o l l e c t e d  on each d a t e  sampled. 

A t r a n s e c t  pe rpend icu la r  t o  s h o r e  w a s  sampled t o  d e f i n e  d i f f e r e n c e s  i n  
l a rva l  f i s h  d e n s i t i e s  a t  v a r i o u s  d i s t a n c e s  from s h o r e  (Fig.  2).  Four s t a t i o n s  
a long  the transectwere sampled d u r i n g  t h e  day w i t h  a 571-v n e t .  A t  each of 
t h e  t r a n s e c t  s t a t i o n s ,  t h r e e  r e p l i c a t e s  were c o l l e c t e d  from t h e  s u r f a c e ,  t h r e e  
from deep water, and t h r e e  w i t h  o b l i q u e  tows from deep water to  t h e  su r face .  
About l o o m 3  o f  wa te r  w e r e  sampled d u r i n g  a 3-min tow (1 m/sec>. S t a t i o n s  P13 ,  
P14, P15, and P l l j ,  a l l  a long  t h e  t r a n s e c t ,  w e r e  2, 6 ,  11, and 16  km from shore ,  
r e s p e c t i v e l y  . 

Tows w i t h  571-u mesh, l - m  n e t s  were used dur ing  1973, 1974, and 1975 t o  
estimate l a r v a l  . f i sh  abundance and d i s t r i b u t i o n s  i n  t h e  s tudy  a r e a .  Prel imin
a r y  sampling w a s  conducted a t  d i f f e r e n t  depths  i n  1973 b u t  i t  i n d i c a t e d  no con
s i s t e n t ,  s i g n i f i c a n t  d i f f e r e n c e s  among s u r f a c e ,  mid-depth, and deep samples 
(Nelson and Cole,  1975).  Therefore ,  i n  1974 and 1975 a l -m,  571-u nylon n e t  

w a s  t owed  a t  an o b l i q u e  ang le  through t h e  w a t e r  column a t  a c o n s t a n t  rate from 
about  5-m deep t o  t h e  s u r f a c e  f o r  2 . 5  min. Towing speed w a s  approximately 
1 m/sec. A 1.8 l i t e r  p lankton  bucket  w a s  a t t a c h e d  and a g e n e r a l  Oceanics 
(Nodel 2030) d i g i t a l  f low meter w a s  f i t t e d  a t  t h e  c e n t e r  of  t h e  n e t  opening. 
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Two s e p a r a t e  s t a t i o n s  were sampled i n  t h e  R a i s i n  River channel  (F ig .  2) t o  avoid 
t h e  complex mixing i n  t h e  s h o r t  i n t a k e .  The upstream r i v e r  s i t e  (P7) w a s  l o c a t e d  
about 1 km upstream from t h e  p l a n t  i n t a k e .  Another s t a t i o n  (P6) w a s  l o c a t e d  a t  
t he  mouth of t h e  river t o  sample l a k e  water  t h a t  w a s  drawn up t h e  o l d  r i v e r  chan
n e l .  Abundance a t  t h e  i n t a k e  ( s t a t i o n  PO) w a s  c a l c u l a t e d  from concen t r a tons  a t  
P6 and P7 ,  which were weighed f o r  river and l a k e  volume-flow c o n t r i b u t i o n s  t o  
t h e  coo l ing  system, River-discharge rates were provided by  t h e  U.S.G.S. and 
p l a n t  pumping rates w e r e  provided by The D e t r o i t  Edison Company. Eva lua t ions  
of water movements made du r ing  t h i s  s t u d y  i n d i c a t e d  t h a t  v i r t u a l l y , a l l  river 
water i s  drawn i n t o  t h e  coo l ing  system and t h e  ba l ance  i s  made up by l a k e  water. 
Samples a l s o  were taken from t h e  upper (P2) and lower (P3) ends of t h e  d i scha rge  
c a n a l ,  and 3 Lake E r i e  s t a t i o n s  (P10,  P11, and P12). The l a t t e r  were sampled t o  
assess t h e  c o n c e n t r a t i o n  and s p a t i a l  v a r i a t i o n  of l a k e  larval  abundances. 

M o r t a l i t y  w a s  e s t ima ted  a t  t h r e e  s t a t i o n s  w i t h i n  t h e  immediate v i c i n i t y  of 
t h e  p l a n t .  Larvae were cap tu red  w i t h  a s t a t i o n a r y ,  1-m, 571-p nylon n e t  w i t h  a 
General Oceanics (Model 2030), d i g i t a l ,  flow-meter suspended a t  i t s  c e n t e r .  A 
modified ( b o l t i n g  c l o t h  on t h e  i n s i d e  r a t h e r  than t h e  o u t s i d e  of t h e  bucke t )  
582-p, 1.8 l i t e r  bucke t  w a s  a t t a c h e d  t o  t h e  ne t .  The s t a t i o n a r y  n e t  w a s  set i n  
a l o w  v e l o c i t y  c u r r e n t  of 1 .15 t o  0.25 m/sec t o  reduce m o r t a l i t y  stemming from 
t h e  technique and t o  ensu re  comparable sampling c o n d i t i o n s  a t  a l l  sites. A 
r e f e r e n c e  s t a t i o n  w a s  sampled i n  t h e  i n t a k e  cana l  nea r  s t a t i o n  PO t o  estimate 
combined n a t u r a l  and net-caused m o r t a l i t i e s .  The second s t a t i o n  w a s  l o c a t e d  
nea r  P2 w i t h i n  100-m o f  t h e  o u t - f a l l  from t h e  conc re t e  condu i t  i n t o  t h e  d i scha rge  
canal. Dead o r  dying larvae were s e p a r a t e d  from l ive animals b y  c o l o r  and 
m o b i l i t y ,  T rans lucen t  o r  mobile i n d i v i d u a l s  were counted as alive w h i l e  opaque, 
immobile ones were assumed t o  b e  dead. A f i e l d  o b s e r v a t i o n  d e v i c e ,  similar t o  
one desc r ibed  by Marcy (1971), w a s  used t o  ma in ta in  t h e  ambient and e l e v a t e d  
water temperatures  around s e p a r a t i o n  d i s h e s  w h i l e  l ive  l a r v a e  were counted. 

A l l  larvae c o l l e c t e d  were preserved i n  5 pe rcen t  fo rma l in  and later counted 
and i d e n t i f i e d  t o  t h e  most s p e c i f i c  taxa poss ib l e .  Rose-bengal dye w a s  added t o  
ease s o r t i n g .  A l l  samples w e r e  s t anda rd ized  t o  number p e r  100 m3. 

A l l  d a t a  w e r e  t e s t e d  f o r  no rma l i ty  us ing  t h e  Shapiro-Wilk test ( G i l l ,  i n  
p r e s s )  and homogeneous v a r i a n c e  us ing  Bartlet 's test. A l o g  (x + 1) transforma
t i o n  w a s  app l i ed  t o  a l l  d a t a  t o  c o r r e c t  f o r  non-normality. Then Bartlet 's t e s t  
w a s  a p p l i e d  t o  the transformed d a t a .  Heterogeneous v a r i a n c e  was u s u a l l y  i n d i 
c a t e d  and a modified Sche f fe ' s  post-data  test ( G i l l ,  1971) w a s  a p p l i e d  when 
a p p l i c a b l e .  Tukey's m u l t i p l e  range t e s t  w a s  used t o  i d e n t i f y  d i f f e r e n c e s  among 
means when d e p a r t u r e s  from homogeneity were minor. It  w a s  a p p l i e d  t o  t h e  
technique comparisons, comparison of s t a t i o n s  along t h e  t r a n s e c t ,  and t h e  com
p a r i s o n s  among s t a t i o n s  i n  1975. Analysis  of va r i ance  w a s  a p p l i e d  t o  compari
sons of day and n i g h t  abundances. 
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SECTION 5 

RESULTS 


HYDRODYNAMICS AND WATER TEMPERATURES 

The Lake 

Cur ren t s  i n  t h e  l a k e  w e r e  measured w i t h  drogues and a f i l m  reco rd ing  c u r r e n t  
meter to  assess t h e  relative impact of wind on t h e  d i r e c t i o n  and v e l o c i t y  of 
water movement. All s t u d i e s  i n  t h e  l a k e  were conducted n e a r  s t a t i o n s  P10 and 
P I 1  (Fig. 2). The continuous f i l m  recording meters were p l a c e d  about  5.0 m 
below the s u r f a c e  nea r  t h e  bottom and 2.5 m below t h e  s u r f a c e  where they were 
p a r t i a l l y  p r o t e c t e d  from vandalism and storms. Instruments  w e r e  l o s t  t o  s torms 
on two occas ions  and the  f i l m  record w a s  u sab le  from a r e l a t i v e l y  small p a r t  of 
t h e  t i m e  t h a t  i n s t rumen t s  o the rwise  remained i n s t a l l e d .  The wind and water 
r e l a t i o n s h i p s  i n  Table 3, B1 and B2  were de r ived  from t h e  r e t r i e v e d  r eco rd .  

A s i g n i f i c a n t  (p < .05) r e g r e s s i o n  between wind and w a t e r  v e l o c i t y  and 
d i r e c t i o n  appeared a t  2.5 mbelow the  s u r f a c e  (Fig.  C1) b u t  n o t  a t  5 m. The 
v e l o c i t i e s  a t  5 -m were b a r e l y  measurable; e r r o r  probably precluded t h e  i d e n t i f i 
c a t i o n  o f  any r e l a t i o n s h i p  which may have e x i s t e d .  A t  2.5 ‘m, f a r  frdm a l l  o f  
t h e  v a r i a t i o n  i n  w a t e r  v e l o c i t y  w a s  explained b y  t h e  wind. P a r t  of t h e  unex
p l a i n e d  v a r i a t i o n  could have been e f f e c t e d  by t h e  l e n g t h  of t h e  o b s e r v a t i o n  times 
that w e r e  compared. Water measurements were t h e  means of i n s t a n t a n e o u s  measure
ments made every 30 minutes du r ing  9-hr spans.  The d a t a  a v a i l a b l e  f o r  wind 
measurements w e r e  t h e  means of i n s t an taneous  measurements o f  wind taken a t  t h e  
U.S. Weather S t a t i o n  (Toledo, Ohio) a t  3-hr i n t e r v a l s  ove r  9-hr spans.  Improved 
estimates of the r e l a t i o n s h i p s  might b e  determined from cont inuous r e c o r d s  of 
wind and c u r r e n t s  c o r r e c t e d  f o r  l a g s  i n  t h e  water r e sponse  t o  wind change. 

The current-meter r eco rd ings  were compared t o  drogue estimates of water 
v e l o c i t y  and d i r e c t i o n w h i c h w e r e  obtained from t h e  D e t r o i t  Edison Company and 
r e p o r t e d  i n  Cole (1976). These estimates were madeat 3 dep ths  (Table  B 2 ) .  Con
s i d e r a b l e  d i f f e r e n c e  e x i s t e d  i n  t h e  e s t i m a t e s  of water v e l o c i t y  made by drogues 
and c u r r e n t  meters se t  a t  2.5-m to  3-m depth;  t h e  metered v e l o c i t i e s  exceeded 
drogue e s t i m a t e s  by n e a r l y  4 times (Table 4 ) .  A range of p o s s i b l e  v e l o c i t i e s ,  
c a l c u l a t e d  from t h e  two techniques,  is  presented i n  F igu re  3. 

The c u r r e n t  meter may have been a b e t t e r  e s t i m a t o r  of h o r i z o n t a l  v e l o c i t y  
than drogues,  based on l i m i t e d  obse rva t ions  from a c u r r e n t  m e t e r  p laced i n  t h e  
lower d i s c h a r g e  c a n a l  a t  I -m above t h e  bottom i n  an  area about  3-m deep.  That 
meter recorded average v e l o c i t i e s  s imi l a r  t o  t h e  v e l o c i t y  which w a s  c a l c u l a t e d  
from pumping rates and t h e  c r o s s - s e c t i o n a l  area i n  t h e  c a n a l .  
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Water velocit ies a t  t he  upper 3 meters seemed n e a r l y  uniform b u t  v e l o c i t y  
dropped r a p i d l y  from 3-m down t o  t h e  bottom. Current  d i r e c t i o n s  f o r a l l  depths  
averaged s l i g h t l y  t o  t h e  r i g h t  of t h e  wind movements. Depth r e l a t e d  v e l o c i t y  
d i f f e r e n c e s  could profoundly e f f e c t  plankton t r a n s p o r t  because d i f f e r e n t  b i a s e s  
i n  v e r t i c a l  d i s t r i b u t i o n s  w i l l  produce d i f f e r e n t i a l  rates of h o r i z o n t a l  movement 
through t h e  bas in .  Some s p e c i e s  could b e  more vu lne rab le  t o  entrainment  than 
o t h e r s .  A s e a s o n a l  p r o f i l e  of water movements w a s  c a l c u l a t e d  f o r  F igu re  4 from 
wind r e c o r d s  a t  Toledo and a water v e l o c i t y  averaging 3 p e r c e n t  of wind v e l o c i t y  
(from t h e  drogue and c u r r e n t  meter r e s u l t s ) .  From day t o  day, water movements 
v a c i l l a t e d  as unpred ic t ab ly  as t h e  wind, b u t  over a season,  n e t  water movements 
were northeastward n e a r l y  para l le l  t o  shore.  This w a s  g e n e r a l l y  t r u e  f o r  a l l  
s easons  and y e a r s  included i n  the  analyses .  Therefore ,  t h e  water and plankton
i n  t h e  s t u d y  area f r e q u e n t l y  came from t h e  Maumee Bay r e g i o n  t o  t h e  sou th .  

Although t h e  r e s u l t a n t  water movements a t  1 t o  2-km from s h o r e  w e r e  north
ward through t h e  s tudy  area, t h e  r e s u l t a n t  movement of water immediately nex t  t o  
s h o r e  appeared t o  b e  southward. A sand p i t  a long shore ,  j u s t  t o  t h e  no r th  of 
t h e  d i s c h a r g e  c a n a l ,  has  extended abou t  75 TI i n t o  t h e  d i s c h a r g e  c a n a l  s i n c e  t h e  
canal w a s  cons t ruc t ed .  A n a t u r a l ,  sandy shoa l  extended southward from t h e  mouth 
of t h e  d i s c h a r g e  c a n a l ,  ou t  i n t o  t h e  b a s i n  more than 1 km from shore  b e f o r e  i t  
s h a r p l y  dropped o f f  t o  a bottom comprised of s i l t y  sediments.  The thermal d i s 
charge emptied t o  t h e  l a k e  over  t h e  s h o a l  and probably cont inued t o  maintain i t  
as t h e  Raisin River once d i d  n a t u r a l l y .  

The R a i s i n  River 

The river d i scha rge  w a s  variable b u t  t y p i c a l  of smaller, mid-western t r i b u 
taries where t h e  d i scha rge  i n  w i n t e r  and s p r i n g  months is  10 o r  more times t h e  
d i s c h a r g e  i n  la te  summer o r  f a l l  (Fig.  5). Mean monthly d i s c h a r g e s  have been 
r eco rded  as h i g h  as 130 m /sec and as low as 1 m /sec. R ive r  d i s c h a r g e  can 
change a n  o r d e r  of magnitude i n  hours  fol lowing s torms and r a p i d  thaws. The 
average annua l  river d i scha rge  is  e q u i v a l e n t  t o  20 p e r c e n t  of t h e  t o t a l  coo l ing  
w a t e r  demand, abou t  1 7  m /sec. The rest must b e  drawn from t h e  l a k e .  The pro
p o r t i o n  a c t u a l l y  c o n t r i b u t e d  b y  t h e  river depends on t h e  d i s c h a r g e  a t  t h e  time 
(Table 5). I n  winter and s p r i n g ,  t h e  river con t r ibu ted  much more t h a n  i t  d i d  
i n  l a t e  summer. This v a r i a b i l i t y  i n  c o n t r i b u t i o n  a f f e c t e d  t h e  c a l c u l a t i o n  of 
t o t a l  annua l  entrainment  of organisms i n  t h e  s tudy area because s p e c i e s  composi
t i o n  i n  t h e  r iver and l a k e  d i f f e r e d .  Most s p e c i e s  of p l a n k t o n i c  organisms were 
p a r t i c u l a r l y  v u l n e r a b l e  t o  entrainment  f o r  only a few weeks i n  t h e  y e a r ;  there
f o r e ,  d i f f e r e n c e s  i n  s p e c i e s  phenology may produce d i f f e r e n c e s  i n  t h e  vulnera
b i l i t y  of s p e c i e s  t o  entrainment .  

The I n t a k e  Repion 

Water from t h e  r iver and l a k e  mixed i n  t h e  river channel and t h e  i n t a k e  
b e f o r e  w a t e r  w a s  pumped through t h e  condensers. Conduct ivi ty  i n  t h e  river 
channel  w a s  surveyed 4 t i m e s  t o  document mixing (Fig.  6 ) .  River w a t e r  w a s  
approximately twice as conduct ive as l a k e  water on each survey al though t h e r e  
w e r e  date- to-date  d i f f e r e n c e s  i n  t h e  conduc t iv i ty .  These d a t a  i n d i c a t e d  t h a t  
l a k e  w a t e r  could i n t r u d e  up-r iver  p a s t  t h e  i n t a k e  f o r  n e a r l y  l-km and r iver  w a t e r  
could p r o g r e s s  beyond t h e  i n t a k e  toward t h e  l a k e  a t  least 0.5-km. The d i s t r i b u 
t i o n s  a l so  i n d i c a t e d  t h a t  l i t t l e  river water reached t h e  l a k e ;  most, i f  n o t  a l l ,  
of t h e  r i v e r  must have been pumped i n t o  t h e  cool ing system on t h e  d a t e s  sampled. 
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Figure  5 .  	 Long-term and s h o r t  t e r m  (1970-1975) monthly d i scha rge  of t he  Rais in  

River compared t o  maximum and minimum d i scha rge  s i n c e  1936 and f u l l  
pumping rate at the  Monroe Power P lan t .  
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Chloride p r o f i l e s  made a t  s t a t i o n s  1 7  and 9 confirmed the  complexit>7 of mix
i n g  i n  t h e  r i v e r  channel  (Fig.  7 ) .  The w a t e r  i n  t h e  r i v e r  channel  o f t e n  was 
v e r t i c a l l y  homogenous b u t  l a k e  wa te r  i n t ruded  u p s t r e m  i n t o  t h e  r i v e r  water  about  
25 percent  3 f  t h e  time. I n t r u s i o n s  occurred  a t  va r ious  dep ths ,  and were n o t  
re la ted  simply t o  thermal  d i f f e r e n c e s  i n  t h e  water  masses. Only on 4 p e r c e n t  of  
t h e  occas ions  examined d id  r i v e r  water  r each  t h e  r iver  mouth ( s t a t i o n  l?). The 
c h l o r i d e  d i s t r i b u t i o n  r e in fo rced  our  b e l i e f  t h a t  most (90  t o  100%) of  the r i v e r  
water was pumped through t h e  condenser except  when the  r i v e r  d i scha rge  exceeded 
pumping demands. 

Discharge Canal and Plume 

The d i scha rge  c a n a l ,  a s  expected,  w a s  a lmost  v e r t i c a l l y  well-mixed, b u t  
h o r i z o n t a l  v a r i a t i o n s  between s t a t i o n s  1 2  and 8 were g r e a t  enough ( g r e a t e r  than  
3 m g / l i t e r  i n  15 pe rcen t  of t h e  measurements) t o  i n d i c a t e  t h a t  an important  wa te r  
mass t r a n s i t i o n  could occur  w i t h i n  a few hours  (Tables 6 ,  B 3 ) .  The flow t i m e  
between s t a t i o n s  12 and 8 u s u a l l y  w a s  less t h a n  5 hours .  These r a p i d  t r a n s i t i o n s  
probably inf luenced  t h e  p r e c i s i o n  of p r e d i c t i o n s  f o r  t h e  mixing of  l a k e  and r i v e r  
water i n  t h e  i n t a k e  a t  s t a t i o n  18 because  t h e  flow t i m e s  between s t a t i o n s  9 and 
1 7  and s t a t i o n  18 were s i m i l a r  t o  the  flow t i m e  between s t a t i o n s  12 and 8 .  Errors 
i n  measurements from t h e  s a m e  water sample w e r e  u s u a l l y  about  5 pe rcen t .  On any 
p a r t i c u l a r  day, expected d i f f e r e n c e s  between t h e  p red ic t ed  mixture  of  l a k e  and 
r iver  water (from s t a t i o n s  9 and 1 7 )  a t  s t a t i o n  18 would vary from t h a t  a t  s t a t i o n  
1 2  by 1 t o  2 m g / l i t e r  and, occas iona l ly ,  by  4 o r  5 m g / l i t e r .  These v a r i a t i o n s  
w e r e  t o o  g r e a t  t o  enab le  r easonab le  estimates of source-water p ropor t ions  on any 
p a r t i c u l a r  d a t e .  But, annua l  means averaged o u t  t h e  d a i l y  v a r i a t i o n  and provided 
a reasonable  e s t i m a t e  of  average cond i t ions .  

Table 7 summarizes t h e  r e s u l t s  of two d i f f e r e n t  approaches used t o  e s t i m a t e  
t h e  average annual p ropor t ions  of r iver (9)  and l a k e  ( 1 7 )  water i n  t h e  i n t a k e  
and d i scha rge  flow. For t h e  f irst  approach,  c h l o r i d e  and t o t a l  s o l i d s ,  w e r e  
used as tracers t o  s e p a r a t e l y  estimate p ropor t ions  of l a k e  and r iver  wa te r .  I n  
t h e  second case, t h e  pumping ra te ,  r e p o r t e d  b y  D e t r o i t  Edison, and t h e  r iver  d i s 
charge,  r epor t ed  by  the U.S.G.S. ( c o r r e c t e d  f o r  a d d i t i o n s  from t h e  C i t y  of  Monroe), 
were used t o  c a l c u l a t e  t h e  amount drawn i n  from t h e  l ake ,  assuming t h a t  t h e  r iver  
w a s  t o t a l l y  pumped through t h e  condenser and l a k e  water comprised t h e  ba lance .  
T h i s  method could only b e  app l i ed  t o  d a t e s  when pumping ra tes  were a c t u a l l y  
measured by t h e  company. Pumping rates w e r e  n o t  recorded f o r  about  one t h i r d  of 
t h e  sampling da te s .  The on ly  a v a i l a b l e  estimates were c a l c u l a t e d  from t h e  chemi
cal  t r a c e r s  measured i n  t h e  coo l ing  system and t h e  pumping rates r epor t ed  f o r  t h e  
c l o s e s t  d a t e s .  

The mean annual  averages  es t imated  by bo th  techniques (Table  7) i n d i c a t e  
t h a t ,  most i f  n o t  a l l ,  r i v e r  w a t e r  w a s  pumped through t h e  condensers  as expected 
from p r o f i l e s  of c h l o r i d e  and c o n d u c t i v i t y  i n  t h e  r i v e r  channel.  I n  f a c t ,  t h e  
river c o n t r i b u t i o n  appeared t o  b e  s l i g h t l y  underes t imated .  Th i s  could have been 
caused by a s l i g h t  underes t imate  o f  r i v e r  flow s i n c e  U.S.G.S. measurements came 
from 10-km upstream and, a l though c o r r e c t i o n s  were made f o r  water a d d i t i o n s  from 
t h e  C i t y  o f  Monroe (1.5 m3/sec) ,  no c o r r e c t i o n s  were made f o r  o t h e r  a d d i t i o n s  
over  t h e  10-km reach.  

Using t racers  
source  wa te r s  w e r e  

(Tables  B 3 ,  B5, B 6 ) ,  d i f f e r e n c e s  i n  t h e  p r o p e r t i e s  of t h e  
c a l c u l a t e d  f o r  s t a t i o n s  i n  t h e  i n t a k e  and t h e  d i scha rge  cana l .  
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TABLE 7. 	 MEAN RIVER WATER CONTRIBUTION CALCULATED FROM CONCENTRATIONS 
OF CHEMICAL TRACERS" AND U.S.G.S. MEASURES OF RIVER DISCHARGE^ 
AND PLANT PUMPING RATES+ 

Year 

19 73 

1974 

1975 

Mean Annual 

* 

(pe rcen t )  

S t a t i o n  and Measure U.S.G.S. 
Dissolved and Pumping 

Chloride T o t a l  S o l i d s  S o l i d s  Rate f 

1 2  8 1 2  8 1 2  8 

30.3 36.3 27.2 37.1 28.3 38.2 34.7 

30.1 29.4 29.3 28.9 38.5 32.0 20.0 

39.4 42.1 39.7 46.8 53.3 52.4 26.2 

33.3 35.9 32.1 37.6 36.7 40.8 26.9 

Only those  d a t e s  when bo th  t h e  river and l a k e  con t r ibu ted  water  
were used f o r  t h e  c a l c u l a t i o n s .  

'U.S.G.S. measurements of river d i scha rge  w e r e  taken 11 km upstream 
from t h e  in t ake .  

'Pumping rates were obta ined  from reco rds  of t h e  D e t r o i t  Edison 
Company. 

+ F o r  t h i s  c a l c u l a t i o n  i t  w a s  assumed t h a t  a l l  r i v e r  w a t e r  was 
drawn i n t o  t h e  i n t a k e  and t h e  ba lance  came from t h e  l ake .  
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An i n t a k e  s t a t i o n  (18) w a s  c a l c u l a t e d  f o r  t he  mixed c o n c e n t r a t i o n s  of a l l  con-
pounds and organisms sampled a t  s t a t i o n s  9 and 17 .  These estimates were i n f l u 
enced by a t  least  t h e  same v a r i a b i l i t y  i n  water  masses r e f l e c t e d  by c h l o r i d e  
concen t r a t ions .  The re fo re ,  d i f f e r e n c e s  i n  t h e  coo l ing  system on any s i n g l e  d a y  
were, by themselves,  considered t o  b e  r e l a t i v e l y  meaningless i n  t e r m s  of coo l ing  
system e f f e c t s .  Seasonal  o r  annual  d i f f e r e n c e s  on t h e  o t h e r  hand w e r e  considered 
more r e l i a b l e  i n d i c a t o r s  of cooling-system impact because they averaged o u t  ran
dom s p a t i a l  v a r i a t i o n .  

In  t h e  plume, c h l o r i d e ,  t o t a l  s o l i d s  and d i s so lved  s o l i d s  a l l  were d i l u t e d  
t o  about the same propor t ions  as temperature ,  t h e  c r i t e r i o n  used t o  choose the 
sampling s i tes  i n  t h e  plume. Based on t h e s e  t racers ,  most of  t h e  w a s t e  h e a t  i s  
mixed i n t o  t h e  r e c e i v i n g  waters r a t h e r  t han  t h e  atmosphere. 

TEMPERATURE: 

Ambient water temperatures  i n  t h e  s tudy  a r e  a c l o s e l y  followed meteorological  
change (Fig. 8 ) .  We never observed any sha rp  changes i n  water temperature  t h a t  
could have o r i g i n a t e d  w i t h  upwell ings of hypol imnet ic  waters, nor  w a s  a thermal 
b a r  e v e r  observed. The temperatures  i n  t h e l a k e  and R a i s i n  River  u s u a l l y  v a r i e d  
by 1 t o  2°C except  i n  mid-winter when a l l  water  temperatures  approach 0 ° C  
(Table 8) .  The annual thermal  c y c l e  i n  t h e  r iver and l a k e  b a s i c a l l y  were 
similar b e f o r e  they mixed i n  t h e  i n t a k e  t o  t h e  p l a n t  condenser. 

Winter temperatures  w e r e  e l e v a t e d  as h igh  as 17OC above ambient du r ing  con
dense r  passage b u t  e l e v a t i o n s  d u r i n g  o t h e r  seasons r a r e l y  exceeded 10°C. The 
temperature  e l e v a t i o n  a t  t h e  condenser v a r i e d  as a f u n c t i o n  of power g e n e r a t i o n  
and t h e  amount of water pumped. Both v a r i e d  widely ove r  t h e  s t u d y  p e r i o d ,  
t h e r e f o r e ,  temperature  e l e v a t i o n s  ranged from 0 t o  17OC. The d i scha rge  w a s  
u s u a l l y  c l o s e  t o  homothermous through i ts  l eng th .  Except ions t o  t h i s  probably 
r e s u l t e d  from f l u c t u a t i n g  h e a t - r e j e c t i o n  rates.  Less than 10 pe rcen t  of t he  
was te  h e a t  c a r r i e d  by t h e  d i scha rge  .canal w a s  l o s t  b e f o r e  t h e  water reached t h e  
l a k e  (Table 8). 

The thermal plume spread over a sandy s h o a l  a t  t h e  mouth o f  t h e  d i s c h a r g e  
c a n a l ;  t h e  l a r g e s t  plume measured by t h e  D e t r o i t  Edison Company d u r i n g  the  s tudy  
per iod w a s  about 860 h e c t a r e s  (The D e t r o i t  Edison Go., 1976). The l o c a t i o n  of 
t h e  plume va r i ed  w i t h  t h e  d i r e c t i o n  and v e l o c i t y  o f  t he  wind and the rate of 
thermal discharging.  Our obse rva t ions  i n d i c a t e d  t h a t  t h e  o u t e r  edge moved from 
4-km south of t h e  discharge-canal  mouth t o  about l-km n o r t h  of t h e  mouth of t h e  
R a i s i n  River.  P r o f i l e s  measured i n  t h e  plume a t  s t a t i o n s  15  and 16 i n d i c a t e d  
t h a t  t he  plume w a s  u s u a l l y  mixed w e l l  v e r t i c a l l y  (Table B7). The g r e a t e s t  
v e r t i c a l  v a r i a t i o n  occurred a t  t imes when s t r a t i f i c a t i o n  a l s o  occurred under 
ambient cond i t ions  i n  t h e  l a k e  a t  s t a t i o n  1 7 .  The combination of c o n s i s t e n t  
winds and shallow water seemed t o  maintain homeothermy w i t h i n  the  plume. 

OXYGEN 

In w i n t e r ,  t h e  i n t a k e  waters of t h e  r i v e r  and l a k e  t y p i c a l l y  w e r e  s a t u r a t e d  
t o  s l i g h t l y  s u p e r s a t u r a t e d  wi th  oxygen a t  a l l  depths  (Tables  9 ;  B7). AS t h e  
season warmed ,  d i u r n a l  v a r i a t i o n  i n  t h e  pe rcen t  s a t u r a t i o n  of oxygen i n c r e a s e d  
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Figure  8. 	 Surface  tempera tures  i n  t h e  R a i s i n  River and d i s c h a r g e  
cana l  compared t o  nearby l a k e  temperatures  a t  bottom and 
s u r f a c e  du r ing  the  s tudy  per iod.  
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i n  amplitude,  probably i n  response t o  inc reased  pho tosyn thes i s  du r ing  the day and 
inc reased  community r e s p i r a t i o n  a t  n i g h t .  The expected p a t t e r n  of  h igh  daytime 
and low n igh t t ime  concen t r a t ions  n a t e r i a l i z e d  i r r e g u l a r l y  (Table 9 1 ,  presumably 
because of t i m e  l a g s  and changes i n  relater masses passing b y  t h e  f i s e d  statiz’ns.  

I n  s u m m e r ,  oxygen demand near the l a k e  bottom was high enough t o  reduce csygen  
c o n c e n t r a t i o n s  t o  50 p e r c e n t  s a t u r a t i o n .  Very low concen t r a t ions  occurred near 
t h e  river bottom i n  summer, 1973,  t h e y  appeared t o  be h i g h e r  i n  1974 and 1975, 
perhaps because of improved waste t r ea tmen t  a t  Monroe, Hichigan. I n  w i n t e r ,  ? r i 
mary p r o d u c t i v i t y  w a s  low, the  source w a t e r s  were near  s a t u r a t i o n  be fo re  they 
passed through t h e  condenser,  and t h e  p e r c e n t  of oxygen s a t u r a t i o n  commonly 
inc reased  1 0  t o  20 pe rcen t  w i th  t e m p e r a t u r e  e l e v a t i o n .  Condenser passage tended 
t o  mix oxygen c o n c e n t r a t i o n s  uniformly from s u r f a c e  t o  bottom and i n c r e a s e  the 
p e r c e n t  s a t u r a t i o n .  During w a r m e r  months, t h e  o v e r a l l  change w a s  r e l a t i v e l y  
samll (Table 8) ,  b u t  w i n t e r  va lues  inc reased  s u b s t a n t i a l l y .  The h i g h e s t  percent 
s a t u r a t i o n  (175%) occurred i n  August, 1 9 7 4 ,  probably as a consequence of high 
primary p r o d u c t i v i t y  throughout t h e  s t u d y  area. R e l a t i v e l y  l i t t l e  change 
occurred i n  t h i s  w a t e r  mass as i t  passed through the  cool ing system. 

The pe rcen t  s a t u r a t i o n  of oxygen i n  t h e  d i scha rge  c a n a l  u s u a l l y  decreased as  
t h e  w a t e r  flowed t o  t h e  l a k e .  Declines seemed s l i g h t l y  s t r o n g e r  a t  t h e  bottom 
than a t  t h e  s u r f a c e .  Thermal s t r a t i f i c a t i o n  i n  t h e  plume d i d  not commonly cause 
extreme oxygen r e d u c t i o n  beneath the  plume. I n  f a c t ,  oxygen concen t r a t ions  i n  
t h e  plume w e r e  v e r y  similar t o  those observed i n  t h e  lake-source waters. The 
lowes t  c o n c e n t r a t i o n  observed n e a r  bottom i n  t h e  plume was 4.0 m g / l i t e r  ( 4 3  p e r 
cent s a t u r a t i o n )  a t  a time when t h e  l a k e  c o n c e n t r a t i o n  nea r  t he  bottom w a s  3 . 1  
%/liter (32  p e r c e n t ) .  Because of w a r m ,  c a l m  weather  on t h a t  d a t e ,  temporary 
s t r a t i f i c a t i o n  occurred throughout t h e  s t u d y  area. If anything,  power p l a n t  
o p e r a t i o n  may have reduced the impact of n a t u r a l  s t r a t i f i c a t i o n  on a q u a t i c  com
muni t i e s .  

SUSPENDED SOLIDS 

Concentrat ions of suspended s o l i d s  i n  t h e  l a k e  and r i v e r  tended t o  be h i g h e s t  
i n  w i n t e r  and s p r i n g  (Fig.  9 ) .  Nei ther  of t h e  l a k e  o r  r i v e r  sou rces  were con
s i s t a n t l y  more t u r b i d  w i t h  suspended s o l i d s  (Table 10;  B 8 ) .  River  concen t r a t ions  
o f t e n  f l u c t u a t e d  d i f f e r e n t l y  from l a k e  concen t r a t ions .  Boat t r a f f i c  may have 
been r e s p o n s i b l e  f o r  a p a r t i c u l a r l y  h igh  r iver  concen t r a t ion  on March 1 7 ,  1975 
(193 m g / l i t e r ) ,  which w a s  six times t h e  average concen t r a t ion .  

The p r e d i c t e d  i n t a k e  concen t r a t ions  c l o s e l y  matched the  observed concentra
t i o n s  i n  t h e  upper d i scha rge  canal .  This  w a s  expected because t h e r e  w a s  l i t t l e  
e rodab le  s u r f a c e  between t h e  i n t a k e  and upper d i scha rge  cana l .  Between t h e  upper
and lower s t a t i o n s  i n  t h e  d i scha rge  c a n a l ,  suspended s o l i d s  inc reased  a mean of 
20 percen t  over  t h e  t h r e e  y e a r s ,  appa ren t ly  because of e r o s i o n  from the  cana l  
walls. Based on t h e  c h l o r i d e  t r a c e r ,  c o n c e n t r a t i o n s  of suspended s o l i d s  i n . t h e  
plume should have been d i l u t e d  t o  60 pe rcen t  of t h e  d i scha rge  cana l  concen t r a t ions  
compared t o  a r e a l i z e d  d i l u t i o n  of 32 p e r c e n t .  Th i s  could have been caused by
tu rbu lence  over t h e  s h o a l  a t  the  mouth of t he  d i scha rge  cana l  which resuspended 
s o l i d s  from t h e  bottom u n t i l  w a t e r  masses moved out  t o  deeper w a t e r  and the  s o l i d s  
s e t t l e d d o w n  t o  ambient concen t r a t ions .  Concentrat ions a t  t h e  plume edge i n d i c a t e  
t h a t  suspended s o l i d s  t h e r e  were d i l u t e d  l i k e  c h l o r i d e .  
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CARBON 

Ne i the r  d i s so lved  o rgan ic  carbon or  t o t a l  i no rgan ic  carbon v a r i e d  wi th  a 
s e a s o n a l l y  r e g u l a r  p a t t e r n  (Fig.  9 ) .  P a r t i c u l a t e  carbon v a r i e d  e r r a t i c a l l y  all 
year  b u t  w a s  f r e q u e n t l y  most concentrated during the warm growing s2ason  from 
A p r i l  through September. 

Only minor d i f f e r e n c e s  occurred among t h e  s t a t i o n  means i n  t h e  coo l ing  system. 
Both o r g a n i c  and i n o r g a n i c  carbon f r a c t i o n s  i n  t h e  r i v e r  exceeded r e s p e c t i v e  l a k e  
c o n c e n t r a t i o n s  (Table 10;  B 9 ;  B10; Bll); 66 percent  i n  the  aggrega te .  B u t  
because t h e  g r e a t e s t  carbon concen t r a t ions  occurred i n  warm months when r i v e r  
d i scha rge  w a s  least ,  l a k e  concen t r a t ions  dominated the  annual r a t e  of carbon 
t r a n s p o r t  through t h e  coo l ing  system. C e r t a i n  changes w i t h i n  the  coo l ing  system 
c o n s i s t a n t l y  emerged each y e a r ,  b u t  v a r i a t i o n  from sampling d a t e  t o  sampling d a t e  
confounded s t a t i s t i ca l  de t e rmina t ion  of d i f f e r e n c e s  among s t a t i o n s  i n  t h e  coo l ing  
system. 

T o t a l  carbon concen t r a t ions  h a r d l y  changed ( l e s s  than 5% i n c r e a s e )  a s  water  
passed from t h e  i n t a k e  t o  t h e  upper d i scha rge  c a n a l ,  i n  c l o s e  agreement wi th  
s l i g h t  changes i n  concen t r a t ions  of  c h l o r i d e  and d i s so lved  s o l i d s .  Condenser 
passage caused no immediate response,  and t o t a l  organic  carbon f l u c t u a t e d  s l i g h t l y  
about  a s t a b l e  concen t r a t ion  a s  wa te r  passed down the  dfscharge c a n a l .  B u t  t h e  
c o n c e n t r a t i o n  of p a r t i c u l a t e  organic  carbon c o n s i s t a n t l y  i n c r e a s e d  as  d i s so lved  
o rgan ic  carbon decreased. T o t a l  i n o r g a n i c  carbon concen t r a t ions  behaved l i k e  
c h l o r i d e  i n  t h e  d i scha rge  cana l .  

Once t h e  w a t e r  e n t e r e d  the  l a k e  plume, t h e  concen t r a t ion  of p a r t i c u l a t e  
o rgan ic  carbon remained h i g h e r  and t h e  d i s so lved  o rgan ic  carbon dec l ined  more 
than  a n t i c i p a t e d  by t h e  d i l u t i o n  p r e d i c t e d  from c h l o r i d e  concen t r a t ions .  The 
d e c l i n e  of d i s so lved  carbon s l i g h t l y  exceeded t h e  ga in  of p a r t i c u l a t e  carbon by 
an average of 0.3 m g / l i t e r  (5%). Both t o t a l  carbon and t o t a l  i no rgan ic  carbon 
concen t r a t ions  dec l ined  more (10% mean) than a n t i c i p a t e d  by s imple  d i l u t i o n .  
The t o t a l  carbon loss  from t h e  coo l ing  system w a s  small and o n l y  i d e n t i f i a b l e  
because of t h e  cons i s t ency  of resu l t s  from yea r  t o  year .  

PHOSPHORUS 

Phosphorus concen t r a t ions  i n  t h e  sou rce  waters v a r i e d  e r r a t i c a l l y ;  both par
t i c u l a t e  and d i s s o l v e d  phosphorus f l u c t u a t e d  i r r e g u l a r l y  wi th  no i n d i c a t i o n  of 
s e a s o n a l l y  r e l a t e d  changes (Fig. 9 ) .  River  concen t r a t ions  averaged n e a r l y  twice 
t h e  l a k e  c o n c e n t r a t i o n s  (Table 10; B 1 2 ;  B13; B14), b u t  t h e  t o t a l  r i v e r  con t r ibu 
t i o n  du r ing  most of t h e  growing season was much less than t h e  l a k e  c o n t r i b u t i o n .  

Mean phosphorus concen t r a t ions  r evea led  no c o n s i s t e n t  changes w i t h i n  the  
coo l ing  system. Similar concen t r a t ions  occurred a t  a l l  s t a t i o n s  w i t h i n  t h e  
i n t a k e  and d i scha rge  cana l .  However, a t  t h e  h igh  concen t r a t ions  observed,  and 
the  p r e c i s i o n  used, changes caused by b i o l o g i c a l  a c t i v i t y  could t a k e  p l ace  with
out  m a t e r i a l i z i n g  i n  t h e  d a t a .  I n  the  plume, phosphorus c o n c e n t r a t i o n s  dec l ined  
more than p r e d i c t e d  from c h l o r i d e  c o n c e n t r a t i o n s .  Presumably, phosphorus pre
c i p i t a t e d  from t h e  w a t e r  column as t h e  thermal  d i scha rge  mixed w i t h  l a k e  wa te r .  
Both p a r t i c u l a t e  and d i s so lved  c o n c e n t r a t i o n s  behave s i m i l a r l y .  

! 
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NITROGEN 

T o t a l  n i t r o g e n  u s u a l l y  w a s  most concen t r a t ed  i n  t h e  l a k e  du r ing  w i n t e r  and 
s p r i n g  (Fig.  9 ) .  T h i s  r e f l e c t e d  high win te r  and s p r i n g  c o n c e n t r a t i o n s  of  n i t r a t e -
n i t r o g e n  and ammonia-nitrogen; both r e g u l a r l y  dec l ined  t o  r e l a t i v e l y  low summer 
and f a l l  concen t r a t ions .  Unlike ino rgan ic  n i t r o g e n ,  t h e  c o n c e n t r a t i o n  of  organic-
n i t r o g e n  v a r i e d  unpred ic t ab ly ,  b u t  t h e  r a t i o  of o rgan ic  and i n o r g a n i c  n i t r o g e n  
peaked s h a r p l y  i n  l a t e  summer and e a r l y  f a l l  when ino rgan ic  n i t r o g e n  was r e l a t i v e l y  
d i l u t e  and o rgan ic  n i t r o g e n  w a s  p a r t i c u l a r l y  concentrated.  

T o t a l ,  nongaseous n i t rogen  changed i n s i g n i f i c a n t l y  as water passed through 
t h e  condenser and t h e  d i scha rge  cana l .  In  t h e  plume, i t  u s u a l l y  d e c l i n e d  more 
than p red ic t ed  by s imple d i l u t i o n  (Table 10;  B 1 5 ) .  Unl ike any o t h e r  subs t ance  
examined, ammonia-nitrogen r a p i d l y  inc reased  as wa te r  passed through the s h o r t  
s e c t i o n  from t h e  i n t a k e  t o  the d i scha rge  c a n a l  (Table 10; B16). Once water 
reached t h e  d i scha rge  c a n a l ,  both n i t r a t e - n i t r o g e n  and ammonia-nitrogen dec l ined  
s l i g h t l y  more than exp la ined  by simple d i l u t i o n  w h i l e  o r g a n i c  n i t r o g e n  inc reased  
a complementary amount (average of 0.05 m g / l i t e r ) ( T a b l e  10; B 1 6 ;  B 1 8 ) .  The r a t i o  
of t h e  average i n c r e a s e  i n  o rgan ic  n i t r o g e n  t o  t h e  average i n c r e a s e  i n  p a r t i c u l a t e  
o rgan ic  carbon w a s  0.1. 

Carbon and n i t r o g e n  may have been p h o t o s y n t h e t i c a l l y  f i x e d  as water passed 
down t h e  cana l .  The average changes i n  n i t r o g e n  c o n c e n t r a t i o n s  were less than  
10  t o  20 pe rcen t  and impossible  t o  d e f i n e  p r e c i s e l y  w i t h  t h e  e x i s t i n g  v a r i a b i l i t y ,  
b u t  t h e  y e a r  t o  y e a r  t r e n d s  i n d i c a t e d  c o n s i s t a n t l y  i n t e g r a t e d  biogeochemical 
changes wh i l e  w a t e r  passed through t h e  c o o l i n g  system, As i n d i c a t e d  by t h e s e  
changes, s l i g h t l y  more o rgan ic  matter w a s  decomposed than  was f i x e d  du r ing  passage 
through t h e  coo l ing  system. There appeared t o  b e  l i t t l e  r e g e n e r a t i o n  of i n o r g a n i c  
n i t r o g e n  i n  t h e  process .  In f a c t ,  i n o r g a n i c  n i t r o g e n  tended t o  dec rease  more 
than could b e  i n c o r p o r a t e d  i n  a l g a e  as o rgan ic  n i t r o g e n .  

PHYTOPLANKTON 

The phytoplankton assemblage w a s  s p e c i e s  t i c h  b u t  most t a x a  were r a r e .  About 
20 s p e c i e s  accounted f o r  ove r  90 pe rcen t  of t h e  phytoplankton d e n s i t y .  The 
Bac i l l a r iophyceae ,  Chlorophyceae and Cyanophyceae predominated ove r  lesser dens i 
ties of Cryptophyceae, Dinophyceae , Euglenophyceae, Ch lo robac te r i ae  and Chryso
phyceae (Table 11; B19; B20). The y e a r l y  mean d e n s i t y  of a l l  a l g a e  sampled i n  
t h e  l a k e  a t  s t a t i o n  1 7  v a r i e d  from 6 6 9 1 . 4 / d  i n  1973 to 14,755.6/m1 i n  1975.  
This  annual f l u c t u a t i o n  was caused mostly by t h e  r e l a t i v e l y  g r e a t  v a r i a b i l i t y  of  
blue-green a lgae .  The o t h e r  important a l g a l  c l a s s e s  were more s t a b l e .  

Vertical  d i s t r i b u t i o n s  i n  t h e  coo l ing  system were very c o n s i s t a n t  (Table 12 )  ; 
n e a r l y  cons t an t  from t o p  t o  bottom. The phytoplankton w e r e  well-mixed throughout 
t h e  sampled water column. 

Yearly mean d e n s i t i e s  w e r e  s imilar  i n  the  l a k e  and river s o u r c e s  i n  1973 when 
blue-green a l g a e  were uncommon i n  both areas (Table 3 ) .  But i n  1974 and 1975, 
l a k e  d e n s i t i e s  exceeded r iver  d e n s i t i e s  because green and blue-green algae were 
more common i n  t h e  l a k e .  The l a k e  a lgae  were more evenly d i s t r i b u t e d  among t h e  
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t h r e e  important classes than t h e  diatom-dominated r iver a lgae .  Year t o  year  
v a r i a t i o n s  i n  r iver d i scha rge  con t r ibu ted  t o  t h e  annual  v a r i a t i o n  of e n t r a i n e d  
algae. I n  1975 t h e  r i v e r  c o n t r i b u t e d  only one f o u r t h  of t h e  c o o l i n g  water com
p a r e d  t o  about h a l f  i n  t h e  preceeding yea r s .  Because of low summer d i s c h a r g e s ,  
t h e  r i v e r  c o n t r i b u t e d  r e l a t i v e l y  l i t t l e  t o  the  dynamics of g reen  and blue-green 
a lgae .  

T o t a l  a l g a l  d e n s i t i e s  c o n s i s t a n t l y  inc reased  a s  water passed from the upper 
t o  t h e  lower d i scha rge  c a n a l  from s t a t i o n  1 2  t o  s t a t i o n  1 4  du r ing  each of t h e  
t h r e e  y e a r s  (Table 11). Algal  abundances i n  t h e  plume were measured only i n  
1973 when t h e  mean of a l l  sampling d a t e s  and t i m e  pe r iods  i n d i c a t e d  t h a t  t he  
a l g a e  maintained g r e a t e r  d e n s i t i e s  i n  t h e  mixing plume than  expected from d i l u t i o n ;  
p a r t i c u l a r l y  green and blue-green a l g a e  (Table 1 3 ) .  

The mean d e n s i t y  of most a l g a l  c l a s s e s  c o n s i s t a n t l y  inc reased  as water passed 
from t h e  upper t o  t h e  lower end of t h e  d i scha rge  cana l .  The major excep t ion ,  t he  
blue-green a l g a e  probably v a c i l l a t e d  because they  w e r e  v a r i a b l e  i n  t h e  source 
water. I n  1975, a n  e x t r a o r d i n a r y  bloom of blue-green a l g a e  on one d a t e  generated 
an a t y p i c a l l y  high mean a l g a l  i n c r e a s e  i n  t h e  d i s c h a r g e  c a n a l ;  o t h e r w i s e ,  t h e  
increments were only 10 t o  20 p e r c e n t .  The v a r i a b i l i t y  of blue-green a l g a e  a l s o  
m a t e r i a l i z e d  i n  t h e  1973 comparisons of morning, a f t e r n o o n  and evening samples 
(Table 1 4 ) .  Although t h e  d a i l y  mean a l g a l  concen t r a t ions  remained g r e a t e r  i n  t h e  
plume than p r e d i c t e d  by d i l u t i o n ,  t h i s  obse rva t ion  w a s  i n c o n s i s t a n t  f o r  d i f f e r e n t  
t i m e s  of t h e  day. Mean a f t e rnoon  d e n s i t i e s  d e c l i n e d  more than  p r e d i c t e d ,  w h i l e  
mean morning and evening d e n s i t i e s  remained h i g h e r  t han  p r e d i c t e d .  This v a r i a 
t i o n  w a s  caused most ly  b y  v a r i a t i o n  i n  blue-green a l g a l  response and s e c o n d a r i l y  
by green a l g a l  response.  These two classes v a r i e d  up t o  35 p e r c e n t  from one t i m e  
pe r iod  t o  another .  I n  c o n t r a s t ,  diatom concen t r a t ions  were r e l a t i v e l y  similar 
a t  a l l  three t i m e  pe r iods  and e x h i b i t e d  c o n s i s t e n t  changes w i t h  passage through 
t h e  coo l ing  system. Although t h e  d i f f e r e n c e s  i n  c o n c e n t r a t i o n  from one t i m e  
pe r iod  t o  ano the r  could b e  as much as 35 p e r c e n t ,  t h e r e  w a s  no i n d i c a t i o n  t h a t  
entrainment  w a s  c o n s i s t e n t l y  d i f f e r e n t  a t  s p e c i f i c  t i m e s  of t h e  day. 

The changes i n  mean annual  d e n s i t y ,  volume and i n d i v i d u a l  volume, of t h e  
important  s p e c i e s ,  e x h i b i t e d  no c o n s i s t a n t  t r e n d s  from y e a r  t o  y e a r  which were 
r e l a t e d  t o  t h e  l e n g t h  of power p l a n t  o p e r a t i o n  (Table 15). Although t h e  mean 
annual concen t r a t ion  of a few s p e c i e s  v a r i e d  by up t o  2 o rde r s  of magnitude, t h e i r  
v a r i a t i o n  appeared t o  be independent of t i m e .  Most of t h e  common s p e c i e s  remained 
c o n s i s t a n t l y  abundant du r ing  t h e  three-year s tudy ;  t h e i r  mean annua l  concentra
t i o n s  v a r i e d  only by 2 t o  5 t i m e s .  The mean annual  s i z e  o f  t h e  a l g a l  u n i t s  ( c e l l s ,  
f i l a m e n t s ,  o r  c o l o n i e s )  v a r i e d  independent ly  of numerical  abundance as d i d  t h e  
mean annual  volumes of each species. 

The response of dominant s p e c i e s  t o  coo l ing  water passage i n  1973 w a s  h i g h l y  
v a r i a b l e ;  some s p e c i e s  seemed t o  decrease more than  p r e d i c t e d  by c h l o r i d e  con
c e n t r a t i o n s  (Anacyst is  i n c e r t a ,  Scenedesmus quadricaudus,  C y c l o t e l l a  menegheniana), 
ano the r  s p e c i e s  seemed t o  i n c r e a s e  (Ulo th r ix  sub tillissima) b u t  most s p e c i e s  
behaved g e n e r a l l y  without  n o t a b l e  t rend.  The mean s i z e  of classes and t h e  mst 
important  s p e c i e s  v a r i e d  wi thou t  t r end .  A s  expected w i t h  taxa comprising small 
samples, t h e  rare classes changed e r r a t i c a l l y  i n  mean s i z e  and abundance. The 
s p e c i e s  composition may have s h i f t e d  s l i g h t l y  as plankton d r i f t e d  through t h e  
coo l ing  system, b u t  t h e  impact,  i f  i t  were real and n o t  a product  of patchy 
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TABLE 14. MEAN ANNUAL ALGAL DENSITY BY CLASS AT DIFFERENT TIMES 
OF THE DAY I N  1973 

(no. /ml) 

S t a tion CLASs 

and T i m e  A* B* C* D* E* F* To ta l  


17 	mom. 902 1350 5126 134 0 11 7523 
a f t .  827 1456 4373 25 0 11 6692 
eve. 1098 999 4130 73 0 11 6311 

9 	morn. 772 1222 4667 98 4 5 6768 
a f t .  552 932 5611 105 0 2 7202 
eve. 1010 1240 5251 108 0 16 7625 

18 	mom. 842 1300 4968 109 2 10 7221 
a f t .  785 1394 4543 77 0 8 6807 
eve. 1044 1073 4295 112 0 15 6489 

12 	morn. 897 1253 4938 321 0 6 7415 
a f t .  1001 1454 4688 80 3 22 14663 
eve. 984 1000 4940 58 0 0 6982 

8 	morn. 1336 1363 4981 119 0 11 7810 
a f t .  1065 1648 4832 102 3 41 7691 
eve. 1161 931 4559 112 0 16 6779 

14 	morn. 1162 1366 5026 111 6 11 7682 
a f t .  864 1460 5275 64 0 13 7676 
eve. 1122 1193 5311 80 0 22 7728 

151 	mom. 1131 1466 5068 134 0 33 7832 
eve. 1210 1479 3799 85 0 23 6496 

1611 mom. 1318 1237 4694 87 2 17 7355 
eve. 1393 1041 3983 77 0 8 6502 

* A = Cyanophyceae 
B = Chlorophyceae 
C = Bacil lar iophyceae 
D = Euglenophyceae 
E = Dinophyceae 
F = Cryptophyceae 

ll 	 Afternoon samples were incompletely sampled during summer 
and were left out  of the  comparison. 
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d i s t r i b u t i o n ,  d i d  no t  seem t o  have more than a t r a n s i t o r y  i n f l u e n c e  on the  l a k e  
composition. 

Although some composi t ional  changes may have occurred among t h e  e n t r a i n e d  
phytoplankton, d i v e r s i t y  measures i n d i c a t e d  t h a t  a s t a b l e  s t r u c t u r e  w a s  main
t a ined  throughout t h e  coo l ing  system (Tables  1 6 ,  1 7 ) .  Generic d i v e r s i t y  and 
species d i v e r s i t y  w e r e  s i m i l a r  f o r  t h e  same d a t a  c o l l e c t e d  i n  1973. Both 
d i v e r s i t y  measures i n d i c a t e d  t h a t  no important ,  c o n s i s t e n t  changes occurred i n  
t h e  coo l ing  system o r  t h e  plume d u r i n g  coo l ing  water passage.  Generic d i v e r s i t y  
was s t a b l e  over  t h e  t h r e e  y e a r s  i n  t h e  l a k e  a t  s t a t i o n  1 7  b u t  r i v e r  d i v e r s i t y  
decreased i n  1975 and seemed t o  i n f l u e n c e  the  d i v e r s i t y  i n  t h e  d i scha rge  c a n a l  
as a consequence of mixing. Passage through the  coo l ing  system had no measured 
a f f e c t  on a l g a l  d i v e r s i t y .  

In  summary, t h e  a f f e c t s  of entrainment  on phytoplankton were s u b t l e  i f  real 
a t  a l l .  V a r i a b i l i t y  i n  t h e  s p a t i a l  d i s t r i b u t i o n  of a l g a e  precluded c o n s i s t a n t  
s ta t i s t ica l  d i f f e r e n t i a t i o n  of abundances i n  t h e  c o o l i n g  system. But,  o v e r a l l ,  
t h e  mean e f f e c t s  i n t e g r a t e d  ove r  t h e  annual cyc le  were a t  most minor e f f e c t s .  
Mean annual  a l g a l  c o n c e n t r a t i o n s  probably inc reased  s l i g h t l y  i n  t h e  cool ing 
waters d i scha rged  t o  t h e  l ake .  Although responses  w e r e  i n c o n s i s t a n t ,  the  
i n c r e a s e  seemed t o  b e  caused by growth of  blue-green and green a lgae .  

PERIPHYTON 

Periphyton w a s  rare i n  t h e  s t u d y  area because a p p r o p r i a t e  s u b s t r a t e  w a s  scarce, 
b u t  per iphyton accumulation on a r t i f i c i a l  s u b s t r a t e s  w a s  used t o  assess t h e  i n t e 
g r a t e d  effects o f  water q u a l i t y  on p r o d u c t i v i t y  a t  a f i x e d  s i te  w i t h i n  t h e  cool
i n g  system. P e r i p h y t i c  growth w a s  throught  t o  b e  less l i k e l y  than e n t r a i n e d  
phytoplankton t o  r e f l e c t  p rev ious  impacts  from mechanical damage, thermal 
"shock", o r  chemical "shock" caused by t r a n s p o r t  through t h e  pumps and condenser. 

Because per iphyton samples are p a r t i c u l a r l y  vu lne rab le  t o  weather ,  t he  varia
t i o n  among r e p l i c a t e s  w a s  h i g h  i n  some i n s t a n c e s  s o  t h e  e f f e c t s  of t h e  coo l ing  
system w e r e  n o t  always c l e a r  (Fig.  10; C 4 ) .  Of t h e  f o u r  tests conducted, p e r i 
phyton accumulation rates were c l e a r l y  a f f e c t e d  i n  t h e  upper d i scha rge  cana l  
on ly  i n  mid-summer when w a t e r  temperatures  w e r e  h i g h e s t .  Sp r ing  accumulations 
may have been in f luenced  also b u t  r e p l i c a t e  v a r i a t i o n  i n t e r f e r e d  w i t h  the  de t e r 
mination. The least d i f f e r e n c e s  occurred among t h e  sampling s t a t i o n s  i n  w i n t e r  
when t h e  a b s o l u t e  temperatures  were lowest.  

During summer and s p r i n g ,  g r e a t e r  p r o d u c t i v i t y  occurred a t  t h e  mouth of t h e  
d i scha rge  c a n a l  than i n  t h e  upper p a r t  of t h e  d i scha rge  c a n a l  where no d i f f e r 
ences were observed i n  w i n t e r  o r  l a t e  summer samples. Ne i the r  temperature n o r  
l i g h t  p e n e t r a t i o n  (suspended s o l i d s )  seemed t o  be d i f f e r e n t  enough i n  t h e  upper 
and lower d i scha rge  c a n a l  t o  e x p l a i n  t h e  d i f f e r e n c e  i n  per iphyton accumulation 
rates. I f  c h l o r i n e  w e r e  r e s p o n s i b l e  f o r  d i f f e r e n c e s ,  i t s  impac t  w a s  i ncons i s 
t e n t  f o r  t h e  d i f f e r e n t  sampling d a t e s .  The thermal regimes w e r e  similar f o r  
s p r i n g  and la te  summer b u t  t h e  a f f e c t s  appeared t o  be d i f f e r e n t .  
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TABLE 16. 	 DIVERSITY AND EQUITABILITY CALCULATED FROM DENSITY AND 
BIOMASS DATA COLLECTED FROM THE COOLING SYSTEM 

STATI O N  
D i v e r s i t y  

Date-Period 1 7  9 18 1 2  8 1 4  15 1 6  

Morning 
11/09/  72 Numbers 1.18* 1 . 2 1  1 . 2 1  1.06 1.03 1.09 1.25 1 . 1 7  

Biomass 0.83 1 . 1 4  1 .14  1.11 1.08 1 . 1 7  0.92 0.91 

Evening 
11/09/72 Numbers 1.11 0.96 0.96 1.07 0.97 1.06 1 .12  1 . 1 4  

Biomass 0.88 0.96 0.96 1.07 1.00 1.13 0.73 0.81 

Afternoon 
l l / 1 0 / 7 2  Numbers 1 .23  1 . 1 3  1.13 1.03 1.08 1.25 1.16 1.15 

Biomass 0.93 1.02 1.02 1.07 1.13 0.96 0.89 0.73 

Afternoon 
01124173 Numbers 1.49 1.46 1.55 1.49 1.39 1.34 1.43 1.33 

Biomass 1.31 1.40 1.47 1.41 1.37 1.34 1.26 1.09 

Afternoon 
04 /05 173 Numbers 1.34 1.26 1.39 1.34 1 . 2 8  1.42 1.32 1 . 4 1  

Biomass 1.07 1.22 1.35 1.34 1 .28  1 . 4 1  1.30 1 .33  

Afternoon 
06 /12 / 73 Numbers 1.35 1.37 1.43 1.40 1.42 1.44 1 .28  1.14 

Biomass 1 .17  1.26 1.26 1.19 1 .23  1.25 1.08 0.96 

Afternoon 
08/09/ 73 Numbers 1.52 1 .33  1.55 1.48 1.52 1.38 

Biomass 1.14 1.08 1.19 1 .01  1 . 1 2  0.95 

Afternoon 
09/29/73 Numbers 1 .38 1 .38  1.35 1.36 1.32 

Biomass 0.94 0.99 1 .13  1.20 1.06 

*The mean of f i v e  samples. 

(cont inued)  
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TABLE 16 (continued) 

Equitabilit y  
Date-Period 


Morning 

1 1 / 0 9 / 7 2  

Evening 

1 1 / 0 9 / 7 2  

Afternoon 
l l / l O /  72 

Afternoon 

0 1 / 2 4 / 7 3  

Afternoon 

0 4 / 0 5 / 7 3  

Afternoon 

06 112 I 7 3  

Afternoon 

0 8 / 0 9 / 7 3  

Afternoon 

0 9 / 2 9  / 7 3  

* 

Numbers 

Biomass 


Numbers 

Biomass 


Numbers 

Biomass 


Numbers 

Biomass 


Numbers 

Biomass 


Numbers 

Biomass 


Numbers 

Biomass 


Numbers 

Biomass 


STATION 

17 9 1 8  1 2  8 1 4  15 

0.70* 0.76 0.76 0.67 0.65 0.68 0.74 0 .70  
0 .49  0.73 0.73 0 .70  0.68 0.73 0.55 0.54 

0.72 0.70 0.70 0.65 0.66 0.75 0.70 0 .68  
0.54 0.65 0.65 0 .68  0.66 0.69 0.43 0.49 

0.72 0.70 0.70 0.65 0.66 0.75 0.70 0.68 
0.54 0.63 0.63 0.67 0.69 0.57 0.53 0.43  

0.88 0.87 0.85 0.88 0.87 0 .81  0.84 0.81 
0.78 0 .84  0.80 0.84 0.85 0 .81  0 .74  0.66 

0.80 1.34 0.77 0 .81  0.76 0.82 0.79 0.84 
0.64 0.75 0.75 0 . 8 1  0.76 0.82 0.78 0.79 

0.78 0.78 0.76 0.82 0.83 0.82 0.77 0.67 
0.68 0.73 0.67 0 .70  0.72 0 .71  0.65 0.57 

0.82 0.73 0.77 0.79 0 .81  0.76 
0 . 6 1  0.60 0.59 0.54 0.59 0.52 

0.75 0.72 0.77 0.75 0.75 
0 .51  0.52 0.65 0.66 0.60 

The mean of five samples. 
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TABLE 17 .  	 MEAN ANNUAL PHYTOPLANKTONIC GENERIC DIVERSITY AND 
EQUITABILITY I N  THE C O O L I N G  SYSTEM FROM 1973 t o  1975" 

~~ 

D i v e r s i t y  
Numbers 

1973ll 
1974' 
1975+ 

Biomass 
1973 

E q u i t a b i l i t y  
Numbers 

1973 
1974 
1975 

Biomass 
1973 

STATION 

17  9 18 12  14  

1.12 1.00 1.10 1 .07  1 .08  
1.07 .79 1.05 .96 1.11 
1.13 .71  -88  .95 .87 

0.93 0.98 1.02 0.98 0.97 

0.76 0.71 0.72 0.74 0.74 
0.72 0.49 0.62 0.69 0.75 
0.60 0.52 0.57 0.70 0.60 

0.63 0.69 0.67 0.69 0.67 

"Afternoon d a t a  only.  


fiMean o f  f i v e  r e p l i c a t e s ,  one s t a t i o n  on s i x  d a t e s  i n  1973 and 74. 


'Mean o f  f i v e  r e p l i c a t e s ,  one s t a t i o n  on f i v e  d a t e s  i n  1975. 
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COMMUNITY METABOLISM 

Mean annual  gross  primary p r o d u c t i v i t y  i n  t h e  upper d ischarge  c a n a l  u s u a l l y  
was less than expected from t h e  s i m p l e  mixing of r iver  and l ake  wa te r s .  Water i n  
t h e  upper d i scha rge  cana l  u s u a l l y  w a s  less product ive  than l ake  water and s i m i l a r  
t o  the  r i v e r  w a t e r .  Mean af te rnoon p r o d u c t i v i t i e s  w e r e  s imi l a r  t o  morning pro
d u c t i v i t i e s .  Evening p r o d u c t i v i t y  averaged c l o s e  t o  0 as expected f o r  t h e  dark 
hours .  A t  least  t h r e e  p o s s i b i l i t i e s  could have been t o t a l l y  o r  p a r t l y  r e spons ib l e  
f o r  t he  i n h i b i t i o n  of p r o d u c t i v i t y  i n  the  upper d ischarge  cana l ;  some i n h i b i t o r ( s 1  
a s s o c i a t e d  wi th  the  r iver  water,  temperature  e l e v a t i o n  o r  t he  mechanical e f f e c t s  
from condenser passage.  No c h l o r i n a t i o n  occurred i n  t h e  a f te rnoon so  depress ions  
a t  t h a t  t i m e  had t o  be caused by some o t h e r  a l t e r n a t i o n ( s ) .  

Primary p r o d u c t i v i t y  w a s  much more i n t e n s e  dur ing  t h e  w a r m  months (Table 18;  
B21) than du r ing  t h e  cool  months so  t h e  average i n h i b i t i o n  mostly r e f l e c t e d  summer 
condi t ions .  There w a s  l i t t l e  obvious r e l a t i o n s h i p  between t h e  a b s o l u t e  tempera
t u r e  and the i n t e n s i t y  of t h e  measured response on any p a r t i c u l a r  d a t e ,  b u t ,  a t  
h ighe r  ambient tempera tures ,  the p r o d u c t i v i t y  i n  t h e  d ischarge  c a n a l  appeared t o  
b e  i n h i b i t e d  more by t h e  passage ,  

P r o d u c t i v i t y  appeared t o  recover  as water passed from the  d i scha rge  cana l  
back i n t o  t h e  l a k e  (Table  18 ) .  By t h e  t i m e  discharged water reached mid-plume a t  
s t a t i o n  15, mean p r o d u c t i v i t y  u s u a l l y  exceeded t h a t  a t  t h e  l ake  sou rce  ( s t a t i o n  
17 ) .  This  e l eva ted  p r o d u c t i v i t y  (mean of 50%) p e r s i s t e d  t o  t h e  plume edge where 
temperatures  w e r e  on ly  s l i g h t l y  e l eva ted  above ambient. 

Mean annual  r e s p i r a t i o n  i n  t h e  upper d ischarge  c a n a l  u s u a l l y  w a s  s l i g h t l y  
g r e a t e r  than r e s p i r a t i o n  i n  t h e  source  waters (Table 19; B22). The i n c r e a s e s  
a s s o c i a t e d  w i t h  condenser passage occurred a t  a l l  t i m e s  of  t h e  day r e g a r d l e s s  of  
t h e  c h l o r i n a t i o n  schedule .  E i t h e r  temperature  e l e v a t i o n  o r  mechanical e f f e c t  may 
have been r e spons ib l e .  A f t e r  community r e s p i r a t i o n  a c c e l e r a t e d ,  i t  tended t o  
r e t u r n  t o  source-water r e s p i r a t i o n  rates as t h e  coo l ing  water mixed back i n t o  t h e  
l a k e ,  b u t  remained e l eva ted  above the level i n  t h e  source  waters even a t  t h e  plume 
edge where t e m p e r a t u r e s  w e r e  n e a r l y  ambient. 

The mean annual  r a t i o s  of g ross  primary p r o d u c t i v i t y  and community r e s p i r a t i o n  
i n  t h e  upper d i scha rge  cana l  u s u a l l y  w e r e  less than  t h a t  p ro j ec t ed  f o r  t h e  mix of 
sou rce  waters (Table  20). The r a t i o s  remained r e l a t i v e l y  low throughout t h e  d i s 
charge flow then r e tu rned  t o  l e v e l s  s imi la r  t o  r a t i o s  observed i n  t h e  l a k e  sou rce  
water .  No c o n s i s t e n t  changes i n  t h e  metabol ic  "balance" of  t h e  plume waters 
occurred  because of t h e  cool ing  water passage. 

ZOOPLANKTON 

Zooplankton abundance v a r i e d  from nea r ly  n e g l i g i b l e  q u a n t i t i e s  of copepods, 
c ladocerans  and r o t i f e r s  in w i n t e r  t o  g r e a t e s t  concen t r a t ions  i n  l a t e  summer and 
e a r l y  f a l l  (Table 21; 22;  B 2 3 ;  Fig.  1 1 ) .  Biomass va r i ed  over  the  y e a r  more than 
dens i ty  because small r o t i f e r s  were re la t ive ly  numerous i n  w i n t e r .  The t h r e e  most 
abundant s p e c i e s  dur ing  t h e  s tudy  were Bosmina sp . ,  Cyclops v e r n a l i s  and Daphnia 
r e t rocu rva .  These s p e c i e s  w e r e  most abundant from June through September; and 
n e a r l y  a l l  zooplankton entrainment  occurred between A p r i l  and November. 
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Abundances v a r i e d  less d rama t i ca l ly  over t h e  short- term pe r iods  when the 
coo l ing  system w a s  sampled i n  the morning, a f t e r n o o n ,  and evening of 1972-73 
(Fig.  1 1 ) .  Even so ,  t h e  abundances found a t  d i f f e r e n t  times of  t h e  day commonly 
v a r i e d  up t o  100 pe rcen t  o r  more of t he  mean. However, t h e r e  w a s  no c o n s i s t e n t  
r e l a t i o n s h i p  between the  abundance and t h e  time of t he  day sampled. Mean annual 
d e n s i t i e s  f o r  d i f f e r e n t  times of t he  day revealed no c o n s i s t a n t  d i f f e r e n c e s  
r e l a t e d  t o  t h e  t i m e  of t he  day (Table 23).  Density d i f f e r e n c e s  between day and 
n i g h t  w e r e  i n c o n s i s t a n t  and less than 50 pe rcen t  among t h e  major t axa .  The 
d e n s i t i e s  of major taxa seemed t o  va ry  independent ly  from one t i m e  of day t o  the  
next .  There may have been a s l i g h t  tendency f o r  l a r g e r  organisms t o  be captured 
more f r e q u e n t l y  a t  n i g h t .  The mean i n d i v i d u a l  s i z e  c a l c u l a t e d  i n  1972-73 w a s  
s l i g h t l y  g r e a t e r  i n  t h e  evening samples,  p a r t i c u l a r l y  � o r  C. v e r n a l i s  and 2. 
r e t r o c u r v a  (Table 24) ,  

The short- term d e n s i t y  comparisons revealed no c o n s i s t e n t  e f f e c t s  from regu
l a r  c h l o r i n e  a p p l i c a t i o n  i n  t h e  morning and evening. I f  c h l o r i n e  had been impor
t a n t ,  t h e  morning and evening zooplankton concen t r a t ions  i n  t h e  upper d i scha rge  
c a n a l  a t  s t a t i o n  12 should have been c o n s i s t e n t l y  lower than  a f t e r n o o n  concentra
t i o n s  i n  1972-73 (Tables 2 1 ;  22). Because c h l o r i n a t e d  water reached s t a t i o n  8 
from 4 to 6 hours  l a t e r ,  af ternoon d e n s i t i e s  a t  s t a t i o n  8 should have been 
depressed below morning and evening d e n s i t i e s  i f  c h l o r i n e  were an important  fac
t o r .  To  t h e  c o n t r a r y ,  d e n s i t i e s  a t  s t a t i o n  1 2  and 8 were s imi la r  f o r  a l l  t i m e s .  

C o n s i s t e n t  t r e n d s  appeared i n  t h e  comparisons of annual  s t a t i o n  means 
(Tables  21,  22), b u t  s i g n i f i c a n t  (a = 0.05) d i f f e r e n c e s  r a r e l y  occurred a t  t h e  
i n d i v i d u a l  sampling t i m e s  because t h e  sampling i n t e n s i t y  w a s  n o t  enough t o  accom
modate t h e  s p a t i a l  v a r i a b i l i t y  t h a t  e x i s t e d .  Lake concen t r a t ions  a t  i n t a k e  
s ta t ion  1 7  averaged about  twice as g r e a t  as r iver  c o n c e n t r a t i o n s  a t  s t a t i o n  9 
and t h e s e  c o n s i s t e n t  d i f f e r e n c e s  were s i g n i f i c a n t  (a = 0.05) on s e v e r a l  d a t e s  f o r  
most o f  t h e  raxa (Table B24). Among s t a t i o n s  i n  t h e  i n t a k e  and d i scha rge  c a n a l s ,  
t h e  s i g n i f i c a n t  (a = 0.05) d i f f e r e n c e s  may have been caused by n a t u r a l l y  patchy 
d i s t r i b u t i o n s  i n  t h e  s tudy  area r a t h e r  than by entrainment  e f f e c t s .  However, 
d i s c h a r g e  c o n c e n t r a t i o n s  were s i g n i f i c a n t l y  (a = 0.05) lower 3 o u t  of 9 t i m e s  
when zooplankton were common i n  1973; they were never s i g n i f i c a n t l y  h ighe r .  
Although patchy d i s t r i b u t i o n s  incre,ased i n  v a r i a b i l i t y ,  t h e r e  appeared t o  b e  
c o n s i s e n  t depres s ions  i n  abundances a s  a consequence of passage through t h e  
c o o l i n g  system. Among t h e  most abundant species caught i n  1973, s i g n i f i c a n t  
d i f f e r e n c e s  (a = 0.05) w e r e  about equa l ly  r e p r e s e n t e d  by h i g h e r  and loyer concen
t r a t i o n s  i n  t h e  d i scha rge  cana l  compared t o  t h e  i n t a k e .  The inc idence  of s t a 
t i s t i ca l  d i f f e r e n c e  seemed not  t o  b e  r e l a t e d  t o  a b s o l u t e  water temperature  o r  t h e  
e l e v a t i o n  a t  the  condenser. 

The mean annual d e n s i t y  of zooplankton c o n s i s t e n t l y  decreased one t h i r d  t o  
two t h i r d s  i n  passage from t h e  i n t a k e  t o  t h e  upper d i scha rge  c a n a l  i n  a l l  t h r e e  
yea r s  (Table  21). The biomass decreased less c o n s i s t e n t l y  because t h e  mean s i z e  
of animals  encountered seemed t o  vary.  I n  passage from t h e  upper t o  t h e  lower 
d i scha rge  c a n a l ,  t h e  mean annual d e n s i t i e s  of most taxa remained about  t h e  same 
o r  i n c r e a s e d  s l i g h t l y  wh i l e  mean annual biomass changed l i t t l e  o r  decreased 
s l i g h t l y .  Therefore ,  mean annual s i z e s  of'  zooplankters  seemed t o  remain c o n s t a n t  
o r  decreased s l i g h t l y  as wa te r  passed through t h e  d i scha rge  c a n a l  (Table 25).  
These s i z e  changes during the  passage were most pronounced i n  t h e  c l adoce ra  which 
decreased i n  mean s i z e  about 40 t o  60 pe rcen t .  The s m a l l  r o t i f e r s  c o n s i s t e n t l y  
seemed t o i n c r e a s e  i n  s i z e  wh i l e  copepods v a r i e d  i n c o n s i s t e n t l y .  
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TABLE 25. MEAN S I Z E  PER I N D I V I D U A L  

Taxa 

1973: 	R o t i f e r a  
Cladocera 
Daphnia sp.  
Bosmina sp.  
Adult  Copepoda 
Adult C. v e r n a l i s  
Naup l i i  
T o t a l  Copepoda 
T o t a l  

1974: 	R o t i f e r a  
Cladocera 
Daphnia sp.  
Bosmina sp.  
Adult  Copepoda 
A d u l t s .  v e r n a l i s  
Naup l i i  
T o t a l  Copepoda 
T o t a l  

1975 : 	R o t i f e r a  
Cladocera 
Daphnia sp.  
Bosmina sp.  
Adult  Copepoda. -

Adult  C. v e r n a l i s  

N a u p l i i  

T o t a l  Copepoda 

T o t a l  


* 

FOR THE MAJOR TAXA AT THE DAILY TIME PERIODS 


Morning Afternoon Evening 

0 . 1  0 .1  0.1 
6.5 5.0 4.6 

12.5 11.1 10.9 
1.3 1.0 1.1 
2 . 2  2.2 3.2 
2 .8  3.0 5.0 
0 . 1  0 . 1  0.1 
1 . 7  1 .7  2.7 
2 . 7  2.3 2.5 

0 .1  0 .1  
2.5 1.5 
7.2 10.4 
0.6 0.6 
2.6 4.0 
2.4 3.6 
0 . 1  0.1 
0.3* 0.8 
0.3* 0.4* 

0.1 0.1 
3.7 5.8 
7.6 15.5 
1.0 0.8 
4 . 1  3.5 
3.6 3.6 
0.2 0.2 
0.5-k 0.9 
0.6* 0.7 

Low va lue  a r e s u l t  of l a r g e  numbers of n a u p l i i  and r o t i f e r s .  

78 




Based on day and n i g h t  comparisons, t h e r e  was no s i g n i f i c a n t  d i u r n a l ,  v e r t i 
c a l  mig ra t ion  i n  any of t h e  major t axa  b u t  c ladocerans and copepods e x h i b i t e d  
depth-biased d i s t r i b u t i o n s  (Fig.  12) .  On s e v e r a l  d a t e s ,  both of t h e s e  taxa were 
more abundant nea r  t he  bottom than nea r  t h e  s u r f a c e  a t  t h r e e  of t he  f o u r  s t a t i o n s  
( 1 7 ,  9 ,  1 2  and 8) where depths  were randomly sampled over  5-rn from t o p  t o  bottom. 
Other s t a t i o n s  were too shal low t o  sample s i m i l a r l y .  The t i m e  of day d id  not 
seem t o  i n f l u e n c e  t h e  v e r t i c a l  o r i e n t a t i o n ,  b u t  i t  d id  not  occur e q u a l l v  on a l l  
d a t e s  sampled. No depth b i a s e d  d i s t r i b u t i o n  was ever  observed i n  the  u p p e r  d i s 
charge c a n a l  ( s t a t i o n  12) .  On t h e  d a t e s  when v e r t i c a l l y  b i a s e d  d i s t r i b u t i o n s  
occur red ,  condenser passage caused uniform v e r t i c a l  d i s t r i b u t i o n .  h’hatever d i s 
rup ted  t h i s  e f f e c t  ceased a f t e r  the water mass approached t h e  middle of  the d i s 
charge c a n a l  a t  s t a t i o n  8. 

Based on t h e  mixing measured by c h l o r i d e  c o n c e n t r a t i o n s ,  t he  c o n c e n t r a t i o n  of 
zooplankton i n  t h e  thermal plume w a s  expected t o  be a mixture  of popu la t ions  i n  
t h e  l a k e  r e c e i v i n g  water and popu la t ions  t h a t  had passed through t h e  coo l ing  
system a t  least once. Sampling i n  1972-73 v e r i f i e d  t h i s  p r o p o s i t i o n .  By t h e  
t i m e  t h a t  water from the  coo l ing  system and the l a k e  mixed back t o  ambient ch lo r 
i d e  c o n c e n t r a t i o n s  and temperatures  a t  s t a t i o n  16 ,  zooplankton c o n c e n t r a t i o n s  
a l s o  mixed back t o  c o n c e n t r a t i o n s  l i k e  those  found i n  t h e  l a k e  r e f e r e n c e  a r e a s  
(Table 26 ) .  

A s  a t  s t a t i o n  1 6 ,  sampling a t  s t a t i o n  15 was conducted only a t  t h e  s u r f a c e  
(0.5 m) because t h e  thermal  plume tended t o  f l o a t  and t h e  water depth averaged 
on ly  1 t o  1.5 m. S t a t i o n  15 w a s  l oca t ed  about midway between t h e  mouth of  t he  
d i scha rge  c a n a l  and t h e  plume edge a t  a p o i n t  where temperature  and c h l o r i d e  
c o n c e n t r a t i o n  averaged c l o s e  to midway between t h e  cond i t ions  i n  the  d i scha rge  
c a n a l  and t h e  l a k e .  Based on mixing r a t i o s  de f ined  by c h l o r i d e  c o n c e n t r a t i o n  
and temperature ,  zooplankton concen t r a t ions  i n  t h e  plume a t  s t a t i o n  15  w e r e  
expected t o  average midway between those  a t  s t a t i o n s  14 and 16. Th i s  they tended 
t o  do b u t  sampling v a r i a b i l i t y  obscured d i f f e r e n t i o n  of c o n c e n t r a t i o n s  est imated 
a t  s t a t i o n  15 from popu la t ion  estimates f o r  o t h e r  l o c a t i o n s  i n  t h e  s tudy  area.  

M o r t a l i t y  

P i l o t  s t u d i e s  of m o r t a l i t y  conducted t o  a s s e s s  the  p o t e n t i a l  a t  t i m e s  o f  t h e  
year when zooplankton w e r e  abundant and temperatures i n  the  coo l ing  system would 
approach 30°C o r  more (June and J u l y ) .  I n  1974, sampling w a s  d i r e c t e d  a t  t h e  
smaller zoop lank te r s  and i n  1976 i t  concentrated on t h e  r e l a t i v e l y  l a r g e  
Leptodora k i n d t i i .  The mean pe rcen t  t h a t  were dead i n  t h e  i n t a k e  and d i scha rge  
cana l  i s  summarized i n  Table 27. From 8 t o  19 pe rcen t  of t h e  organisms were 
lead i n  t h e  i n t a k e  r e f e r e n c e  c o l l e c t i o n s .  For t h e  r o t i f e r s  and n a u p l i i ,  t he  
sma l l e s t  p l a n k t e r s ,  a n  average of 7 t o  8 percent  were dead i n  t h e  d i scha rge  
:anal. The p e r c e n t  dead averaged 1 2  pe rcen t  f o r  t h e  in t e rmed ia t e - s i zed  copepods. 
?or t h e  class w i t h  t h e  l a r g e s t  organisms, t h e  percentage averaged 26% dead. 

The l a r g e s t  zoop lank te r ,  Leptodora k i n d t i i ,  averaged 60 pe rcen t  dead i n  .the 
:ooling system. Only t h e  Cladocera,  and p a r t i c u l a r l y  t h e  l a r g e s t  c l adoce rans ,  
ippeared t o  be a p p r e c i a b l y  a f f e c t e d  by t h e  condenser passage. 

This  d a t a  is  i n s u f f i c i e n t  by i t s e l f  t o  demonstrate t h e  impact of power p l a n t  
tperat ion on zooplanktonic  s u r v i v a l .  I t  does p o i n t  o u t  t h e  need f o r  f u r t h e r  
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Figure  12. 	 Mean d e n s i t y  of copepods (open) and c ladocerans  (closed)  

a t  each dep th  sampled f o r  t h e  summers of  1973, 1974, 1975. 
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TABLE 27. PRELIMINARY ESTIMATE OF ZOOPLANKTON MORTALITY I N  THE COOLING SYSTEM 
AT THE MONROE POWER PLANT 

(percent  dead) 

S t a tion 	 Leptodora Copepoda!/ Naupl i id  Cladocerans!/ Rotifers{'kind t ii* 

Intake (18) 10 8 15 19  9 

Upper Discharge (12) 60 16 9 1 7  6 

Middle Discharge (8) 7 6 50 3 

Lower Discharge (14) 25 13 10 17  

* Mean of t h r e e  r e p l i c a t e s  sampled on J u l y  6 through 9 ,  1976. 

% M e a n  of three r e p l i c a t e s  sampled on June 27, 1974. 
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i n v e s t i g a t i o n s  on what may be  s i z e - s e l e c t i o n  o r  o t h e r  t axa - spec i f i c ,  s e l e c t i v e  
m o r t a l i t y  i n  t h e  coo l ing  system. 

D i v e r s i t y  

Zooplanktonic d i v e r s i t y  d id  n o t  c o n s i s t e n t l y  change w i t h  passage through t h e  
coo l ing  system. Organisms were abundant enough t o  c o n t r a s t  d i v e r s i t y  only during 
w a r m  months (Table  28). Differences  i n  d i v e r s i t y  over a three-day per iod  a t  
s p e c i f i c  s t a t i o n s  were o f t e n  as g r e a t  as d i f f e r e n c e s  observed among s t a t i o n s  on 
any p a r t i c u l a r  d a t e .  There were no c o n s i s t e n t  t r e n d s  i n  d i v e r s i t y  re la ted  t o  the  
t i m e  of  sampling. Short-term v a r i a t i o n s  appeared t o  be  caused p r i m a r i l y  by s p a t i a l  
v a r i a b i l i t y  among samples a t  each s t a t i o n  and may have been e f f e c t e d  secondar i ly  
by patchy d i s t r i b u t i o n s  a s soc ia t ed  wi th  d i f f e r e n t  water masses. Entrainment 
seemed t o  have l i t t l e  e f f e c t  on d i v e r s i t y .  

MIDGES 

Chironomid en t ra inment  w a s  estimated i n  1973 a t  t h e  t i m e  w e  t e n t a t i v e l y  inves
t i g a t e d  l a r v a l  f i s h  d i s t r i b u t i o n s  i n  t h e  coo l ing  system. Midges were t r anspor t ed  
through t h e  coo l ing  system as l a r v a e  and pupae (Table 29). Most midges were 
captured  i n  t h e  deepest  tows, a t  4 m, Because t h e  tow depth w a s  2 m o r  more over 
t h e  bot tom a t  most s i tes ,  t h e  a c t u a l  number of midges en t r a ined  was probably under
e s t ima ted  by t h e  averages generated from t h e  d a t a .  E s t i m a t e s  of numbers va r i ed  
wide ly  over  t h e  sampling pe r iod ,  b u t  r i v e r  abundances appeared t o  exceed l a k e  
abundances. A t  rates es t imated  �o r  t h e  sampling pe r iod ,  an  average  of 700,000 
midges p e r  day could pass  through the  p l a n t  a t  f u l l  ope ra t ion .  

LARVAL FISH 

Species  Composit i o n  

The most abundant of 15 taxa captured from 1973-1975 included g i zza rd  shad,  
Dorosoma cepedianum, and t h e  a l e w i f e ,  Alosa pseudoharengus ( t o g e t h e r  4 3 . 6  percen t ;  
h e r e a f t e r  r e f e r r e d  t o  as "clupeids") ; yellow perch,  Perca f l avescens  (25.3 per
cen t ) ;  ca rp ,  Cyprinus ca rp io ,  g o l d f i s h ,  Ca ras s ius  a u r a t u s ,  and t h e i r  hybr ids  
( toge the r  10.6 pe rcen t )  ;whi te  b a s s ,  Morone Chrysops ( 7 . 3  percent )  ; emerald and 
s p o t t a i l  s h i n e r s ,  Notropis  a t h e r i n o i d e s  and E. Hudsonius ( t o g e t h e r  3.2 percent )  ; 
and f reshwater  drum, Aplodinotus grunniens (2.0 pe rcen t ) .  The combinations of  
s p e c i e s  l i s t e d  above could n o t  be  r o u t i n e l y  sepa ra t ed  t o  s p e c i e s  as l a r v a e .  These 
species accounted f o r  92 percent  of t h e  t o t a l  ca t ch .  

r ep resen ted  1 9 . 1  percent  of t h e  t o t a l  ca t ch  and p o s t l a r v a e  r ep resen ted  80.9 per- 


Pro la rvae  (yolk-sac l a rvae )  

cent .  Less abundant s p e c i e s  are l i s t e d  i n  Tables  30 and B26. 

Comparison of Surface  Sampling Techniques 

The 1-m plankton n e t  w a s  t he  most e f f e c t i v e  s u r f a c e  sampling technique  t e s t e d  
i n  t h e  comparison o f  t h e  Kenco pump, the  high-speed plankton s a m p l e r ,  and t h e  
5 7 1 - ~ ,  1-m, p lankton n e t .  S i g n i f i c a n t l y  (a = 0.05) more f i s h  l a r v a e  of a l l  
species w e r e  captured by t h e  1-m n e t  on most of t he  d a t e s  sampled (Table B27) ;  
whi te  b a s s  were captured only  i n  t h e  1-m n e t  (Table 31). 
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TABLE 28.  ZOOPLANKTON DIVERSITY I N  THE COOLING SYSTEN 

Station 
Date 17 9 1 8  12 8 

1973: 06 / 11 0 . 5 3  0.59 0 . 5 3  0.57 0 - 5 9  
06 112 0.70 0 . 5 1  0 .59  0 .73  0 . 7 8  
0 8 / 0 8  0 .42  0 .49  0.45 0.50 0 . 4 3  
08 /09  0 .48  0.69 0 .64  0.40 0.45  
09 128 0 .84  0 .76  0 .92  0.87 0 .95  
0 9 / 2 9  0 . 8 1  0 .83  0 . 8 3  0 .93  0 .96  

1974: 0 6 / 1 1  0.98 1 .08  1 .00  0 . 8 1  1 .00  
06 /12  0 .70  1.08 0 .78  0 .94  0 . 9 4  
0 8 / 1 4  0 .63  0.94 0.67 0.92 0.82 
08 /15  0 . 5 1  0.90 0 .54  0 .72  0 . 8 1  
1 0 / 1 9  0 .66  0 .64  0.66 0.67 0 .67  
10121 0 .74  0 .60  0 * 73 0.65 0 .67  

1975 : 0 5 / 1 6  0.59 0 .80  0.67 0 .62  0 .84  
0 5 / 1 7  0 .55  0 .78  0 -67 0 .76  0 . 6 8  
0 7 / 2 7  0 . 7 2  0.99 0 .73  0.87 O.80 
0 7 / 2 8  0 . 8 1  0 .92  0 .82  1.06 1.00 
0 9 / 1 5  1 .01  0 .59  0 .95  0.94 1.00 
09 /16  0 . 9 1  0.89 0 . 9 1  1.10 0.86 

84 

f 



-- 

-- 

-- 
-- 

TABLE 29. THE DISTRIBUTION OF CHIRONOMID LARVAE IN THE COOLING 
SYSTEM I N  1973 

(no. /IOQ m3) 

S t a t i o n  

Date and Depth* p1 p2 p3 p4 pll 

1 May 1973 

0.0 m 1 .5  3.5 
2.5 m 

3.0 17.04.0 m - - 1 4.O - -
Mean 2.0 10.5 7.8 3.5 0 

15 May 1973 

0.0 m 0.5 1.0 1 .5  0.5 
2.5 m 0.0 1 .5  3.0 0.0 

3.0 4.0 m - 10.0 13.0 0.5 
Mean 1 .2  4.2 5.8 1.2 0 .3  

1 June 1973 

0.0 m 3.5 1.5 1.0 0.2 6.5 
2.5 m 15.5 0.0 12.0 1.0 

28.0 4.0 m - 24.0 -8.0 1.0 
Mean 15.7 8.5 7 .O 2.8 

8 June 1973 

0.0 m 0 .8  3 .3  0.5 1.8 1.0 

15 June 1973 

0.0 m 0.5 3.0 6.0 0.3 , 0.0 
2.5 m 0.0 47.0 2.0 3.0 
4.0 m - 500.0 19.0 2.013.0 - - -
Mean 4.5 183.3 9 .o 0.3 1 . 7  

*Maximum depth i s  1 . 5  meters 

#Mean of 2 r e p l i c a t e s  
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The Kenco pump w a s  t h e  l eas t  e f f e c t i v e  sampling technique t e s t e d .  S i g 
n i f i c a n t l y  (= = 0.05) fewer larvae of a l l  t axa  were captured (Table B 2 7 ) .  
F i s h  l a r v a e  were captured o n l y  on June 18 and 1 9  when c l u p e i d s  were common. 
About 40 percent  of t h e  captured larvae were damaged; 10 pe rcen t  were damaged 
so bad ly  they  could n o t  b e  i d e n t i f i e d  o r  included i n  t h e  s t a t i s t i ca l  a n a l y s i s .  

The high-speed p l ank ton  sampler seemed most e f f e c t i v e  when f i s h  l a r v a e  
were dense a t  t h e  s u r f a c e  (Table 31) .  This occurred only on J u n e . 1 8 ,  when 
more ( p  7 0.05) yellow perch and c lupe id  l a r v a e  were captured wi th  t h e  high-
speed sample r  than wi th  t h e  o t h e r  s u r f a c e  techniques (Table B26). On a l l  
o t h e r  d a t e s  t he  1-m plankton n e t  performed b e s t .  

Mean S i z e  and the  Length of Time Towed 

The 353-p, 1-m n e t  u s u a l l y  caught more f i s h  l a r v a e  than 1-m n e t s  w i th  
l a r g e r  mesh s i z e s  (F igu re  13). The 1000-1.1 n e t s  caught fewer ( p  5 0.05) l a r v a e  
t h a n  t h e  363-p o r  571-1.1 n e t s .  The 760-1.1 n e t  caught fewer ( p  5 0.05) larvae 
than  t h e  smaller mesh s i z e s  on  one of two d a t e s  t h a t  i t  w a s  compared. 

The re la t ive c a p t u r e  e f f e c t i v e n e s s  of t h e  two smaller mesh s i z e s  appeared 
t o  depend on t h e  s p e c i e s  and s i z e  (age) o f  t he  larvae (Table  23).  P r o l a r v a l  
f i s h  were caught most e f f e c t i v e l y  w i t h  t h e  363-1.1 n e t .  On May 21, more (a = 
0.05) s m e l t  p ro l a rvae  w e r e  caught w i t h  t h e  363-1.1 n e t  compared t o  t h e  o t h e r s  
(Table B27). On May 20, more (p  < 0.05) yellow perch p o s t l a r v a e  w e r e  caught 

w i t h  t h e  571-r.l n e t .  On June 21, more (p  0.05) p o s t l a r v a l  c l u p e i d s  were 
cap tu red  us ing  t h e  363-p n e t .  

N o  c o n s i s t e n t l y  s i g n i f i c a n t  (a = 0.05) l a r g e  d i f f e r e n c e s  appeared between 
1, 2, 3, 4 ,  and 5-min t o w s  (Fig.  13; Table  B28). The 1, 2, and 3-min tows 
averaged s l i g h t l y  more f i s h  larvae p e r  u n i t  e f f o r t  b u t  t h e  5-min taw caught 
more f i s h  l a r v a e  p e r  u n i t  e f f o r t  t han  t h e  o t h e r s  on one of t h e  sampling d a t e s .  

Vertical D i s t r i b u t i o n s  

Daytime Tows--

Oblique tows from deep water t o  s u r f a c e  u s u a l l y  were as effective as the 
mean of s t r a t i f i e d  tows made a t  t h e  s u r f a c e  and deep p o s i t i o n  a t  t h e  t r a n s e c t  
s t a t i o n s  P13, P14, P15, and P16. Minor d i f f i c u l t i e s  i n  s p e c i e s  s u s e p t i b i l i t y  
may have e x i s t e d .  Clupeids and s m e l t  tended t o  b e  captured more e f f e c t i v e l y  
w i t h  s t r a t i f i e d  tows a l though  t h e  c a p t u r e  rate w a s  n o t  s t a t i s t i c a l l y  d i f f e r 
e n t  (a = 0.05) from t h e  o b l i q u e  tows. Yellow perch and w h i t e  b a s s  tended t o  
be caught more e f f i c i e n t l y  w i t h  ob l ique  tows (Fig. 1 4 ) .  No c o n s i s t e n t  d i f 
f e r e n c e s  i n  t h e  ca t ch  e f f e c t i v e n e s s  of s t r a t i f i e d  and ob l ique  tows appeared 
anywhere along t h e  t r a n s e c t ,  r e g a r d l e s s  of d i s t a n c e  from s h o r e  o r  d i f f e r e n c e s  
i n  depth t o  the bottom. 

A t  s t a t i o n  P17, t h e  daytime c a p t u r e  e f f i c i e n c y  a t  d i f f e r e n t  dep ths  w a s  
i n c o n s i s t e n t  i n  t i m e  and by s p e c i e s  b u t  i n  no i n s t a n c e  d i d  t h e  mean of ob l ique  
and s t r a t i f i e d  tows d i f f e r  (Table  32).  F i sh  larvae appeared t o  b e  concentra
t e d  near t h e  bottom dur ing  t h e  day (according t o  bottom-sled y i e l d  ) b u t  
popu la t ions  above t h e  bottom e x h i b i t e d  no c o n s i s t e n t  v e r t i c a l  d i s t r i b u t i o n a l  
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Figure  14. 	 Mean number of l a r v a l  f i s h  captured i n  ob l ique  tows 
compared t o  t h e  mean of s t r a t i f i e d  tows a t  t h e  s u r f a c e  
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p a t t e r n s .  For example, (p 5 0.05)  yel low perch p r o l a r v a e  were captured  u s i n g  
s u r f a c e  and m i d - w a t e r  tows (Table B29) on May 2 1  and 23 than  i n  deep o r  o b l i q u e  
tows; b u t  on  Yay 24 no yel low perch p ro la rvae  were captured  a t  t he  s u r f a c e  
even through they were captured  i n  a l l  o t h e r  tows. S i m i l a r l y ,  t h e  c a t c h e s  of  
c lupe id  and s h i n e r  l a r v a e  a t  the  t h r e e  d i s c r e t e  depths  u s u a l l y  d i d  not s i g n i f i 
c a n t l y  (a = 0.05) d i f f e r  from one ano the r .  On e x c e p t i o n a l  d a t e s ,  more ( p  L 
0.05) c lupe ids  were captured a t  t h e  s u r f a c e  (June 19) and fewer (p  5 0.05) 
s h i n e r s  were captured  i n  mid-water (June 18).  Much o f  t h e  i n c o n s i s t e n t  v a r i 
a t i o n  t h a t  occurs  i n  v e r t i c a l  d i s t r i b u t i o n  above t h e  bottom appea r s  t o  be  
caused by  day  t o  day v e r t i c a l  changes i n  t h e  clumped d i s t r i b u t i o n  of l a r v a e .  

When t h e  5 7 1 - ~ ,  1-m plankton n e t  w a s  towed on a bottom s l e d ,  i t  y i e l d e d  
more ( p  < 0.05) f i s h  l a r v a e  o f  t h e  impor tan t  s p e c i e s  than  t h e  sum of a l l  ne t 
t i n g  a t  t h e  o t h e r  t h r e e  s t r a t a  sampled above the bot tom (Table  3 2 ) .  Capture  
ra tes  w i t h  the  bottom s l e d  were g r e a t e s t  on June 18 when c l u p e i d s  and s m e l t  
dominated t h e  ca t ch .  On this d a t e ,  o v e r  100 t i m e s  more larvae were captured  
w i t h  the  bottom s l e d  than w i t h  a l l  o f  t h e  o t h e r  tows t e s t e d .  Daytime c a t c h e s  
of a l l  t axa  were g r e a t e s t  w i t h  t h e  bottom s l e d .  I t  appears  t h a t  more larvae 
concent ra ted  near  t h e  bottom d u r i n g  t h e  day, b u t  any l a r v a e  caught  above t h a t  
bottom c o n c e n t r a t i o n  e x h i b i t e d  no c o n s i s t e n t  s t r a t i f i c a t i o n .  

Night t i m e  tows--

Nighttime cap tu re  races i n  t h e  w a t e r  column above t h e  bot tom averaged a t  
l eas t  two t o  t h r e e  t i m e s  t h e  daytime cap tu re  rates (exc luding  t h e  bottom s l e d )  
f o r  a l l  of t h e  major t axa  (F ig .  15). The r a t i o s  ranged from 1.5:l t o  49 : l .  
The n igh t t ime  c a p t u r e  rates o f  yel low pe rch ,  w h i t e  b a s s ,  and f r e shwa te r  drum 
were s i g n i f i c a n t l y  (a = 0.05) g r e a t e r  t han  daytime c a p t u r e  rates on a l l  d a t e s  
sampled. On most d a t e s ,  n igh t t ime  c a p t u r e  ra tes  of  c l u p e i d s ,  smel t ,  and 
s h i n e r s  a l s o  w e r e  s i g n i f i c a n t l y  (a = 0.05) less than  daytime rates. The mean 
r a t i o s  over  a l l  sampling d a t e s  of n igh t t ime  t o  daytime c a p t u r e s  were: f r e s h 
water drum, 14.3;  yel low perch ,  5.5;  s m e l t ,  5.0; c l u p e i d s ,  4 .1 ;  w h i t e  b a s s ,  
3.4;  and s h i n e r s ,  2.4.  Although t h e  n igh t t ime  r a t i o s  o f  most l a rva l  t a x a  
captured  a t  each depth were not  a lways c o n s i s t e n t  f o r  t h e  whole sampling 
pe r iod ,  deep ca t ches  tended t o  exceed s u r f a c e  ca t ches .  Compared t o  o t h e r  
s p e c i e s ,  r e l a t i v e l y  more yellow perch and smelt w e r e  caught  near t h e  bot tom 
a t  n i g h t ,  wh i l e  r e l a t i v e l y  more s h i n e r s  and c l u p e i d s  were caught  c l o s e r  t o  
t h e  s u r f a c e .  

D i s t r i b u t i o n  i n  R e l a t i o n  t o  Di s t ance  From Shore 

Daytime larval  d i s t r i b u t i o n  a long  a 16-km t r a n s e c t  pe rpend icu la r  t o  s h o r e  
revealed s p e c i e s  s p e c i f i c  g r a d i e n t s  on d a t e s  when l a r v a e  were r e l a t i v e l y  abun
dant .  Clupeids  were r e l a t i v e l y  abundant a t  near-shore s t a t i o n s  (F ig .  16) 
where on June 9 and J u l y  2 t hese  s t a t i o n s  y i e lded  s i g n i f i c a n t l y  (a = 0.05) 
more larvae (Table B 3 0 ) .  Yellow perch p ro la rvae  were s i g n i f i c a n t l y  (a = 0.05)  
more abundant a t  o f f s h o r e  s t a t i o n s ,  a s  were smelt and,  t o  a lesser e x t e n t ,  
wh i t e  b a s s  and s h i n e r s .  On May 2 2  and 23 yel low perch l a r v a e  w e r e  caught 
a long  a d i s t i n c t  g r a d i e n t  from s h o r e  wi th  g r e a t e s t  abundance a t  s t a t i o n  16 .  
White b a s s  w e r e  cap tured  mostly o f f s h o r e  a t  s t a t i o n  P16.  Freshwater  drum 
were captured  p r i m a r i l y  on June 16 when most ( p  5 0.05) were captured  n e a r  
s h o r e  a t  s t a t i o n  P13. 
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Figure  15. 	 Mean number of la rva l  f i s h  captured (+SE) dur ing  t h e  day (D) 
and n i g h t  (N)  f o r  each depth s t r a tum at s t a t i o n  P 1 7  (S = s u r f a c e ;  
MD = mid-depth; D = deepwater;  and 0 = ob l ique  tow). 
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D i s t r i b u t i o n s  i n  t h e  Cooling System 

Temporal--

F igure  1 7  shows the  temporal v a r i a t i o n  i n  t h e  c a p t u r e  of impor tan t  l a r v a l  
t a s a  from t h e  upper d i scha rge  cana l  and the  i n t a k e  r eg ion .  Seasonal  p a t t e r n s  
r e p e a t e d l y  emerged i n  each yea r  d e s p i t e  e r r a t i c ,  shor t - te rm v a r i a t i o n  i n  l a r v a l  
abundance. Yellow perch and s m e l t  w e r e  t he  f i r s t  o f  t h e  common spe.cies t o  
appear ;  t h e i r  peak abundances were followed bv carp-goldf i sh  and w h i t e  b a s s ,  
and then ,  c l u p e i d s ,  s h i n e r s ,  and f r e shwa te r  drum. The s p e c i e s  t h a t  spawned 
e a r l i e s t  p e r s i s t e d  as c a t c h a b l e  l a r v a e  f o r  the  s h o r t e s t  t i m e ,  w h i l e  t h e  pro
geny of la ter  spawners were more l i k e l y  t o  b e  caught  over a longe r  t ime.  
Larvae of c a r p ,  whi te  b a s s ,  and c lupe ids  c o n s i s t e n t l y  appeared i n  t h e  d ischarge  
c a n a l  b e f o r e  they appeared i n  t h e  i n t a k e  reg ion;  e v i d e n t l y  some ha tch ing  occurred 
i n  the  d i scha rge  cana l .  The l a r v a e  of  channel  c a t f i s h  w e r e  a lmost  e x c l u s i v e l y  
captured  i n  t h e  d ischarge  c a n a l  and t h e  i n t a k e  r eg ion .  

Spa t ia l - -

Some s p e c i e s  may ha tch  i n  t h e  upper d i scha rge  c a n a l  accord ing  t o  t o t a l  
d e n s i t i e s  of larvae caught a t  d i f f e r e n t  s t a t i o n s  (Table  30; B26) .  Carp-goldf ish,  
wh i t e  b a s s  and c lupe ids  were captured  c o n s i s t e n t l y  i n  t h e  upper  d i scha rge  c a n a l  
i n  g r e a t e r  numbers than i n  the  i n t a k e  reg ion .  Th i s  w a s  n o t  appa ren t  w i t h  t h e  
perch ,  s h i n e r s  o r  drum larvae. Larvae of most s p e c i e s  were c o n s i s t e n t l y  less 
abundant i n  t h e  lower end of t h e  d i scha rge  c a n a l  t h a n  i n  t h e  upper  end of t h e  
d i scha rge  cana l .  A l l  b u t  one of the abundant taxa w e r e  common i n  t h e  l ake .  
The excep t ion ,  carp-goldf ish l a r v a e ,  w e r e  much more abundant i n  t h e  r i ve r ,  as 
w e r e  several of t h e  rarer t a x a  i n  t h e  I c t a l u r i d a e  and Cen t ra rch idae  (Table 30). 

V a r i a b i l i t y  of Results--

Even though c o n s i s t e n t  annual  p a t t e r n s  emerged from t h e  temporal  and 
s p a t i a l  p a t t e r n s  o f  l a r v a e  around t h e  coo l ing  system, g r e a t  s p a t i a l  v a r i a t i o n  
o n l y  allowed s t a t i s t i c a l  d i s c r i m i n a t i o n  (= = 0.05) of major d i f f e r e n c e s .  T h i s  
v a r i a b i l i t y  appeared t o  b e  caused by  "patchy" d i s t r i b u t i o n s  and s t r o n g  f l u c t u 
a t i o n s  i n  r ec ru i tmen t  dur ing  t h e  spawning season.  

F igure  18 shows t h e  i n f l u e n c e  of patchy v a r i a t i o n  f o r  impor tan t  s p e c i e s  on 
t h e  d a t e s  t h a t  s p a t i a l  v a r i a t i o n  was minimum and maximum i n  t h e  coo l ing  system. 
Abundances tended t o  f l u c t u a t e  a t  any one p a r t i c u l a r  s t a t i o n ,  presumably i n  
response  t o  pa t ches  of l a r v a l  f i s h  moving through t h e  l a k e  ecosystem and t h e  
coo l ing  system. Concent ra t ions  a t  t h e  t h r e e  l a k e  s t a t i o n s ,  a l l  w i t h i n  4-km of  
each  o t h e r ,  could be  i n d i s t i n g u i s h a b l e  on one day and exceed an  o r d e r  of magni
tude  d i f f e r e n c e  on ano the r  day,  

The degree  o f  v a r i a t i o n  determines t h e  sampling i n t e n s i t y  r e q u i r e d  t o  d i f 
f e r e n t i a t e  concen t r a t ions  a t  d i f f e r e n t  a r e a  s t a t i o n s  f o r  v a r i o u s  permissable  
e r r o r s  of t h e  mean. F igure  19 i l l u s t r a t e s  how t h e  v a r i a t i o n  w a s  i n f luenced  by 
patchy d i s t r i b u t i o n s  and temporal  change. The v a r i a t i o n  w a s  g r e a t e s t  when t h e  
mean ca t ch  w a s  low and leas t  when t h e  mean ca tch  w a s  h igh .  The minimal v a r i a 
t i o n  encountered f o r  r e p l i c a t e s  a t  one s t a t i o n  de f ined  t h e  s i t u a t i o n  r e q u i r i n g  
a minimum sampling i n t e n s i t y .  The a d d i t i o n a l  s p a t i a l  v a r i a t i o n  in t roduced  by 
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Figure  19 .  	 Sampling i n t e n s i t y  r equ i r ed  a t  v a r i o u s  perm.issable e r r o r s  

of t h e  mean. 
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sampling a t  two o t h e r  nearby ( 2  t o  4-km a p a r t )  s t a t i o n s  on t h e  same d a t e  
r equ i r ed  6 t o  10 times more i n t e n s i v e  sampling t o  main ta in  t h e  same p e r m i s 
s a b l e  e r r o r .  Based on the  r e s u l t s  from the  t h r e e  lake  s t a t i o n s ,  the  in t en 
s i t y  of sampling on a p a r t i c u l a r  d a t e  m u s t  be  inc reased  a t  l e a s t  100 t i n e s  
(depending on s p e c i e s  and d a t e )  t o  reduce t h e  permissable  e r r o r  from 50 per
cen t  t o  10 percent  of t h e  mean wi th  a 95 percent  confidence i n t e r v a l .  Vhen 
v a r i a t i o n  a t  t h e  t h r e e  l a k e  s t a t i o n s  i s  inc luded ,  t he  sampling i n t e n s i t y  
r equ i r ed  inc reased  from 10 t o  1000 pe rcen t  depending on the  s p e c i e s  and the  
year  sampled. 

There w a s  cons ide rab le  d i f f e r e n c e  i n  t h e  seasona l  v a r i a b i l i t y  def ined  f o r  
two consecut ive  y e a r s ;  1974 was less  v a r i a b l e  than  1975 f o r  a l l  important  
s p e c i e s .  The long-term sampling i n t e n s i t y  r e q u i r e d  over  a sequence of  annual  
s t u d i e s  t o  meet a s p e c i f i e d  e r r o r  cannot  b e  determined c o n f i d e n t l y  wi th  da t a  
from one year  a lone .  To a g r e a t  e x t e n t ,  t h e  v a r i a b i l i t y  encountered w a s  pro
p o r t i o n a l  t o  t h e  m e a n  l a rva l  concen t r a t ion .  The rare s p e c i e s  encountered i n  
t h e  s tudy  would r e q u i r e  an  e x t r a o r d i n a r y  sampling i n t e n s i t y  t o  p r e c i s e l y  e s t i 
mate t h e i r  popula t ion  s i z e s .  

Est imated M o r t a l i t y  

S u b s t a n t i a l  p ropor t ions  of e n t r a i n e d  la rva l  f i s h  may have d i e d  i n  the  
coo l ing  system fo l lowing  condenser passage  (Table 3 3 ) .  The pe rcen t  k i l l e d  a t  
t h e  i n t a k e  s t a t i o n  by cap tu re  technique  and n a t u r a l  even t s  v a r i e d  wi th  s p e c i e s .  
A r e l a t i v e l y  l a r g e  p r o p o r t i o n  of w h i t e  b a s s  and c a r p  larvae were dead i n  t h e  
i n t a k e  cana l  w h i l e  a r e l a t i v e l y  l a r g e  p ropor t ion  of  ye l low perch  were a l i v e .  
Following condenser passage ,  t h e  p ropor t ion  of  dead larvae o f  a l l  taxa  cap
t u r e d  inc reased  from 20 t o  80 pe rcen t .  Consider ing t h e  high p r o b a b i l i t y  t h a t  
some larvae h a t c h  i n  t h e  d i scha rge  canal, t h e s e  estimates of larval  m o r t a l i t y  
caused by passage  through t h e  coo l ing  sys tem may be  conse rva t ive .  For example, 
yel low perch were among t h e  l ea s t  l i k e l y  of t h e  f i s h  t o  h a t c h  i n  t h e  d i scha rge  
c a n a l  and t h e i r  d e a t h  ra te  w a s  among t h e  h i g h e s t .  C o n s i s t e n t l y  h igh  v a r i a t i o n  
(Table  B31) i n t e r f e r e d  w i t h  t h e  p r e c i s e  e s t i m a t i o n  of m o r t a l i t y .  But t h e s e  
estimates, i n  combination w i t h  t h e  c o n s i s t e n t l y  lower numbers observed i n  t h e  
lower d i scha rge  c a n a l  compared t o  t h e  upper d i scha rge  c a n a l ,  i n d i c a t e  t h a t  a 
l a r g e  p ropor t ion  of t h e  larvae d ied  as a consequence of condenser passage. 

Foods 

Comparisons of larvae of t h e  same s i z e  obta ined  from l i g h t  and da rk  times 
of t h e  same day revea led  no d i f f e r e n c e s  i n  mean s i z e  of  foods ,  b u t  i n  some 
s p e c i e s  t h e r e  seemed t o  be  d i f f e r e n c e s  i n  t h e  number of food i t e m s  (Table  3 4 ) .  
White b a s s  and f r e shwa te r  drum caught  a t  n i g h t  had a g r e a t e r  number of organ
i s m s  i n  t h e i r  stomachs than  t h e i r  daytime c o u n t e r p a r t s  (Table 3 5 ) .  The 
stomach con ten t s  of  yel low perch were s imilar  f o r  bo th  t i m e  pe r iods .  Regard
less of t h e  t i m e ,  Cyclops were t h e  most numerous food organisms. Cladocerans 
may have been s l i g h t l y  more common i n  t h e  larvae c o l l e c t e d  a t  n i g h t .  Because 
l i g h t  and da rk  t i m e s  o f  o n l y  one d a t e  w e r e  compared, conclus ions  about t h e  
d i u r n a l  r e g u l a r i t y  of  t h e s e  d i f f e r e n c e s  are unwarranted. However, i t  seems 
l i k e  t h e  s p e c i e s  composi t ion of foods remains s i m i l a r  even though the  t o t a l  
numbers consumed may change, 
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TABLE 33 .  PRELIMINARY ESTIMATES OF MORTALITY I N  THE COOLING SYSTEM AT 
THE MONROE POWER PLANT 

( r a t i o  of dead t o  t o t a l  ca tch  of a l i v e  and dead) 

T o t a l  T o t a l  
Number Upper Number 

Species  I n t a k e  Caught Discharge Caught 

Carp  0.09 20 0.27 8 


Yellow perch 0.20 40 0.72 5 


C l u p e i d  0.15 66 0.79 11 


White bass 0.04 25 0.25 3 


A l l  l a r v a e  0.16 176 0.73 29 
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T o t a l  
Lower Number 

Discharge Caught 
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The major apparent  d i f f e r e n c e  i n  t h e  food h a b i t s  of larvae compared t o  
t h e  o l d e r  f i s h ,  desc r ibed  by Kenaga and Cole ( 1 9 6 5 ;  Appendix A ) ,  w a s  size 
r e l a t e d .  I n  o l d e r  f i s h ,  chironomids were among t h e  major food items and 
r o t i f e r s  were s c a r c e .  I n  larvae, r o t i f e r s  were common w h i l e  chironomids 
were absent .  Leptodora k i n d t i i  was an important  food f o r  o l d e r  f i s h  and 
some of t he  l a r g e  p o s t l a r v a e  cap tu red ,  b u t  i t  was n o t  found in t h e  g u t s  of 
small larvae. 
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SECTIOS 6 

DISCUSSION 

M I X I N G  

The e v a l u a t i o n  of mass t r a n s p o r t  of e n t r a i n e d  p lankton  and n u t r i e n t s  a t  t h e  
Monroe Power P l a n t  depended on e s t i m a t e s  of  mixing i n  the  i n t a k e  and t h e  d i s 
charge plume. This w a s  r e q u i r e d  t o  s e p a r a t e  t h e  e f f e c t s  of  d i l u t i o n  from power 
p l a n t  ope ra t ion .  Two, fundamental ly  d i f f e r e n t  sampling des igns  w e r e  a v a i l a b l e  
t o  choose from; t h e  f irst  w a s  t o  fo l low and sample t h e  same water mass as i t  
passed .through t h e  coo l ing  system and mixed w i t h  o t h e r  wa te r  masses and t h e  
second w a s  t o  sample s p e c i f i c  p o i n t s ,  a lmost  s imul taneous ly ,  u s ing  i n t e r n a l  
tracers as descr ibed  i n  Spain and Andrews (1970) and H e m  (1970) .  

The second approach w a s  chosen because of t a c t i c a l  advantages.  To fo l low 
and sample water mass moving through t h e  coo l ing  system over 24  t o  48 h r  
r equ i r ed  e x t r a o r d i n a r y  e f f o r t .  Following water masses r e q u i r e s  f r e q u e n t  crew 
changes,  t r a c k i n g  techniques  are imper fec t ,  sampling runs  are  e x c e s s i v e l y  vul 
n e r a b l e  to  i n t e r r u p t i o n  by  weather  o r  mechanical f a i l u r e s ,  and d i u r n a l  c y c l e s  
o r  me te ro log ica l  even t s  may confound t h e  r e s u l t s .  

The major d i sadvantage  of s imul taneous  sampling i s  t h e  v a r i a b i l i t y  i n t r o 
duced by s p a t i a l  v a r i a t i o n  i n  water masses, so-ca l led  patchy d i s t r i b u t i o n s .  
The tracer s t u d i e s  conducted i n  t h i s  r e sea rch  showed t h a t  patchy d i s t r i b u t i o n s  
could e a s i l y  confound i n t e r p r e t a t i o n  of d i f f e r e n c e s  observed among sampling 
s t a t i o n s  on any s p e c i f i c  d a t e .  The method r equ i r ed  t h a t  t h e  i n t e r p r e t a t i o n  of 
r e s u l t s  rest p r i m a r i l y  on t h e  cons i s t ency  of annual  mean d i f f e r e n c e s  which 
averaged o u t  v a r i a b i l i t y  caused b y  pa tchy  d i s t r i b u t i o n s .  We assumed t h a t  
s p a t i a l  v a r i a t i o n  occur s  randomly ove r  t h e  annual  cyc le .  A f t e r  be ing  i n t e 
g r a t e d  as s e a s o n a l  o r  annua l  means t h e  d a t a  revea led  c o n s i s t e n t  p l a n t  impacts  
t h a t  might  o therwise  b e  u n i d e n t i f i e d .  From t h e  s t andpo in t  o f  ecosystem dynamics, 
t h i s  approach i s  probably a more r e a l i s t i c  assessment of  o v e r a l l  impact than  
shor t - te rm sampling which could r e p r e s e n t  unique cond i t ions  t h a t  occur  on ly  f o r  
a b r i e f  t i m e .  

Based on t h i s  technique ,  t h e  l a k e  and r i v e r  source  w a t e r s  d i f f e r e d  most ly  
i n  q u a n t i t y  r a t h e r  t han  q u a l i t y  o f  t h e i r  chemical and b i o l o g i c a l  c o n s t i t u e n t s .  
The m a t e r i a l  composition w a s  b a s i c a l l y  s i m i l a r ,  b u t  t h e  r i v e r  was r i c h e r  i n  con
c e n t r a t i o n s  of carbon, n i t r o g e n ,  and phosphorus and poorer  i n  p lankton .  Oxygen 
concen t r a t ions  and p lankton  d i v e r s i t y  i n  t h e  l a k e  o f t e n  exceeded t h a t  i n  t h e  
river. V i r t u a l l y  a l l  o f  t h e  r iver  wa te r  was used f o r  coo l ing  w h i l e  on ly  a s m a l l  
f r a c t i o n  o f  t h e  volume-flow through wes te rn  Lake E r i e  (a lmost  1 . 5  pe rcen t )  was 
c i r c u l a t e d  through t h e  coo l ing  system. The re fo re ,  t h e  p l ank ton ic  community i n  
t h e  r i v e r  w a s  more v u l n e r a b l e  t o  en t ra inment  than  the  l a k e  community. 
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According t o  tracer s t u d i e s  of l a k e  and r i v e r  water  masses, water sampled 
i n  t h e  r iver channel  w a s  a product of l a k e  and r i v e r  mixing and; t h e  e s t ima ted  
c o n c e n t r a t i o n s  of d i s so lved  and suspended matter r e f l e c t e d  t h a t  mixing. River 
water d i l u t e d  p l ank ton  c o n c e n t r a t i o n s  i n  t h e  lake wa te r  and t h e  l a k e  source 
d i l u t e d  n u t r i e n t  concen t r a t ions  i n  the  r i v e r  water. Over the  longrun,  t h e  
degree of d i l u t i o n  depended mostly on r iver water .  During high s p r i n g  d i s c h a r g e ,  
r i v e r  water u s u a l l y  predominated i n  t h e  i n t a k e  w h i l e ,  i n  l a t e  summer, l ake  water 
predominated. 

TEMPERATURE AND OXYGEN 

The r a p i d  and prolonged temperature  change caused by once-through coo l ing  
may have been one of t h e  c a u s a l  mechanisms a s soc ia t ed  w i t h  some of t h e  observed 
changes i n  community s t r u c t u r e  and func t ion .  The mean annual temperature e l e 
v a t i o n  v a r i e d  on ly  from about 6 t o  9"C, b u t  day t o  day v a r i a t i o n s  ranged from 
0 t o  1 7 O C .  Th i s  wide v a r i a t i o n  undoubtedly could have e f f e c t e d  a wide v a r i a t i o n  
i n  community response.  But t h e  mean e l e v a t i o n ,  maximum e l e v a t i o n ,  and even t h e  
s t a b i l i t y  of e l e v a t i o n  observed a t  Monroe were not  a t y p i c a l  f o r  steam-electric 
p l a n t s  (Contant,  1971). Maximum summer temperatures  may be of p a r t i c u l a r  con
ce rn  because many w a r m  water, s p e c i e s  appear t o  reach t h e i r  upper thermal 
t o l e r a n c e  limits between 30 t o  35°C (Strangenberg and Pawlacyzk, 1960; Massen
g i l l ,  1976; Marcy, 1971).  Those temperatures  could occur a t  t h e  Monroe Power 
P l a n t  about 25 p e r c e n t  o f  t h e  yea r  i n  June t o  September, when i t  o p e r a t e s  with 
a 10°C e l e v a t i o n  of t h e  coo l ing  water. 

Following condenser passage du r ing  summer, t h e  oxygen c o n c e n t r a t i o n  tended 
t o  i n c r e a s e  because c o n c e n t r a t i o n s  w e r e  u s u a l l y  depressed i n  t h e  source waters. 
A t  t h a t  t i m e  of yea r ,  t h e  p a r t i a l  p r e s s u r e  of oxygen w a s  inf luenced by i n t e n s e  
primary p r o d u c t i v i t y  as w e l l  as community r e s p i r a t i o n  and change i n  temperature .  
During t h e  c o o l e r  months when community metabolism w a s  r e l a t i v e l y  low, coo l ing  
w a t e r  g e n e r a l l y  became s u p e r s a t u r a t e d  because of temperature change alone.  
Other r e s e a r c h e r s  have warned t h a t  gas  s u p e r s a t u r a t i o n ,  e s p e c i a l l y  from n i t rogen ,  
could cause damage t o  t h e  f i s h  b u t  Cole (1976) r epor t ed  t h a t  no such e f f e c t s  were 
observed a t  t h e  Monroe Power P l a n t .  Nit rogen gas concen t r a t ions  were no t  mea
su red  b u t ,  based on win te r  obse rva t ions  made a t  o t h e r  si tes (Adair and Haines,  
19741, t h e  p e r c e n t  s a t u r a t i o n  of oxygen probably r e f l e c t e d  t h e  pe rcen t  s a t u r a 
t i o n  o f  n i t r o g e n  nea r  t h e  condenser.  A t  Monroe, t h a t  would most commonly b e  
110 t o  120 p e r c e n t  of s a t u r a t i o n .  

NUTRIENTS AND PRIMARY PRODUCERS 

Changes i n  material  concen t r a t ions  t h a t  resembled changes i n  t h e  tracers 
w e r e  assumed t o  b e  caused by mixing alone.  Deviat ions from tracer p r o j e c t i o n s  
i n d i c a t e d  material l o s s e s  o r  g a i n s  which could no t  be explained by mixing a lone .  
The annual mean c o n c e n t r a t i o n s  of n u t r i e n t s  and primary producers c o n s i s t a n t l y  
dev ia t ed  from t h e  a n t i c i p a t e d  mixed concen t r a t ions  and r evea led  r e l a t i v e l y  minor 
b u t  real changes i n  water q u a l i t y  which could not b e  c o n s i s t e n t l y  i d e n t i f i e d  
wi th  s t a t i s t i c a l  confidence because of h igh  background, s p a t i a l  v a r i a t i o n .  
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Ammonia may have been r a p i d l y  released from p r o t e i n  decomposftion 
b e f o r e  w a t e r  reached t h e  upper d i scha rge  cana l ;  b u t  t h a t  w a s  t h e  on ly  recogni
zable  n u t r i e n t  change i n  water  a t  t h e  uppe r  end of t h e  d i scha rge  cana l .  Mean 
annual g r o s s  primary p r o d u c t i v i t y  a t  t h e  upper end o f  t h e  d i scha rge  c a n a l  
remained unchanged o r  w a s  depressed.  Since cool  weather p r o d u c t i v i t i e s  were, 
i n  most ca ses ,  t oo  low t o  i d e n t i f y  d i f f e r e n c e s ,  t h e  observed depres s ions  were 
generated most ly  a t  temperatures above 15 t o  20°C. Morgan and S t r o s s  (19691, 
Hamilton e t  a l .  (1970),and Warinner and Brehmer (1966) a l l  found s i m i l a r  depres
s i o n s  a t  w a n n e r  temperatures .  

The annual  mean community r e s p i r a t i o n  about  doubled by the t i m e  wa te r  
reached t h e  upper d i scha rge  canal .  With a mean annual temperature  r i s e  of 8 ° C .  
I t  appeared a s  i f  t h e  g e n e r a l  r e l a t i o n s h i p  between r e s p i r a t i o n  and temperature  
approximated t h e  Q l o  r u l e .  

Even though t h e  P/R r a t i o s  dropped sha rp ly  i n  t h e  upper d i scha rge  c a n a l ,  
they remained h i g h  enough t o  produce more o rgan ic  material t han  w a s  consumed i n  
t h e  coo l ing  system. P a r t i c u l a t e  o r g a n i c  carbon inc reased ,  presumably from 
p h o t o s y n t h e t i c a l l y  f i x e d  o rgan ic s  i n  t h e  d i scha rge  water, as  d i s c h a r g e  water 
passed back t o  t h e  l a k e .  Gains of p a r t i c u l a t e  carbon were accompanied by con
s i s t a n t  i n c r e a s e s  i n  a l g a l  abundance, a d e c l i n e  i n  the  i n o r g a n i c  n i t r o g e n  and 
a complimentary i n c r e a s e  i n  o rgan ic  n i t rogen .  Phosphorus c o n c e n t r a t i o n s  could 
have been drawn upon f o r  pho tosyn thes i s ,  bu t  t h e  amount r e q u i r e d  w a s  s o  s l i g h t  
t h a t  t h e  t echn ique  could no t  i d e n t i f y  t h e  changes caused by phytoplankton up
take i f  i t  e x i s t e d .  Dissolved i n o r g a n i c  carbon dec l ined ,  p o s s i b l y  from photo
s y n t h e t i c  demand, C02 l o s s e s  t o  t h e  atmosphere o r  from the p r e c i p i t a t i o n  of 
carbonates .  

By t h e  t i m e  t h e  coo l ing  w a t e r  reached t h e  lower d i scha rge  c a n a l ,  from 6 t o  
12 hours  l a t e r  t h e  mean P/R r a t i o  and t h e  mean r a t i o  of p a r t i c u l a t e  t o  d i s s o l v e d  
o rgan ic  carbon had inc reased  s l i g h t l y .  The P/R r a t i o  s t i l l  remained n e a r l y  
h a l f  t h a t  i n  t h e  i n t a k e  waters, i n d i c a t i n g  t h a t  t h e  water i n  t h e  lower d i s c h a r g e  
cana l  cont inued t o  b e  less a u t o t r o p h i c  than t h e  source waters. R e s p i r a t i o n  
remained almost  the same whi l e  g r o s s  primary p r o d u c t i v i t y  i n c r e a s e d ,  b u t  n o t  
enough t o  completely make up f o r  t h e  dep res s ion  s t a r t e d  i n  t h e  upper d i scha rge  
cana l .  

I n  t h e  plume, p a r t i c u l a t e  o r g a n i c  carbon, and o rgan ic  n i t r o g e n  inc reased  
s l i g h t l y  above the expected concen t r a t ions  w h i l e  d i s so lved  o rgan ic -n i t rogen ,  
i n o r g a n i c  n i t r o g e n ,  i n o r g a n i c  carbon and t o t a l  phosphorus a l l  dec l ined  by 15  t o  
25 pe rcen t .  Carbonates and phosphates seemed t o  p r e c i p i t a t e  a s  t h e  plume mixed 
wi th  t h e  r e c e i v i n g  waters. Ino rgan ic  n i t r o g e n  and carbon may have s e t t l e d  wi th  
p a r t i c u l a t e  o r g a n i c s  o r  escaped from t h e  wa te r  as ammonia, n i t r o g e n  gas  and 
carbon d iox ide .  The la t ter  exp lana t ion  seemed t o  b e  t h e  t h e  most r easonab le  
of t h e  two. Suspended s o l i d s  d e c l i n e d  o n l y  about as suspected by d i l u t i o n  a t  
t he  plume edge and t h e r e  w a s  no i n d i c a t i o n  t h a t  much p a r t i c u l a t e  m a t t e r  s e t t l e d  
t o  t h e  bottom over  t h e  shallow s h o a l .  

In s p i t e  of a prolonged 6 t o  1 2  hour exposure t o  e l e v a t e d  t e m p e r a t u r e ,  t h e  
primary p r o d u c t i v i t y  began t o  i n c r e a s e  b e f o r e  the  cool ing water  reached the  
l ake .  Even af ter  t h e  coo l ing  w a t e r  had mixed w i t h  l a k e  water, the primary pro
d u c t i v i t y  cont inued a t  an  i n t e n s i t y  h i g h e r  t han  expected from mixing. These 
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r e s u l t s  d i f f e r e d  from those of Morgan and S t r o s s  (1969) who concluded t h a t  
p h o t o s y n t h e t i c  dep res s ion  p e r s i s t e d  u n t i l  t h e  water had cooled t o  ambient 
temperatures .  

Although t h e  changes were s l i g h t ,  t h e  c o n s i s t e n t l y  measured i n c r e a s e s  i n  
a l g a l  abundance and p a r t i c u l a t e  o r g a n i c  carbon i n d i c a t e d  t h a t  pho tosyn the t i c  
biomass inc reased  as water passed through t h e  coo l ing  system and n e t  product ion 
cont inued t o  remain h ighe r  than p r e d i c t e d  by t h e  mixing of t h e  thermal plume 
w i t h  ambient waters. N u t r i t i o n a l  changes i n  the  mixing waters of h ighe r  a l g a l  
biomass may have caused s l i g h t l y  h ighe r  p r o d u c t i v i t i e s  a t  t h e  plume edge than 
i n  n e a r l y  ambient waters. L igh t  l i m i t a t i o n s ,  as e f f e c t e d  by changing concen
t r a t i o n s  of suspended s o l i d s ,  appeared t o  b e  unimportant.  No c o n s i s t a n t  rela
t i o n s h i p  appeared between d i s t r i b u t i o n s  of p r o d u c t i v i t y  and c o n c e n t r a t i o n s  of 
suspended s o l i d s  i n  t h e  cool ing system. 

Community r e s p i r a t i o n  l i k e  g ross  p r o d u c t i v i t y ,  w a s  h i g h e r  than p r e d i c t e d  
b y  mixing i n  t h e  plume and t h e  P/R r a t i o s  r e tu rned  t o  v a l u e s  l i k e  those  a t  t h e  
i n t a k e .  Although t h e r e  w a s  a s m a l l  g a i n  i n  a l g a l  s t a n d i n g  crop and, p o s s i b l y ,  
s l i g h t  temporary changes t h a t  favored green and blue-green a l g a e ,  t h e r e  was 
l i t t l e  n e t  change i n  t h e  o rgan ic  carbon t r a n s p o r t e d  t o  t h e  l a k e  because d i s 
so lved  carbon had dec l ined  b e f o r e  t h e  coo l ing  water mixed w i t h  t h e  l a k e  water. 
The w a t e r  l e a v i n g  t h e  plume probably had a p o t e n t i a l  oxygen demand s i m i l a r  t o  
w a t e r  e n t e r i n g  t h e  i n t a k e .  I n  f a c t ,  water q u a l i t y  may have improve s l i g h t l y  
because phosphorus, and n i t r o g e n  concen t r a t ions  a l s o  d e c l i n e d  b e f o r e  t h e  cool
i n g  water mixed i n t o  t h e  l a k e  water. The s a m e  p a t t e r n s  of community metabolism 
c o n s i s t e n t l y  m a t e r i a l i z e d  i n  t h e  d i scha rge  w a t e r  r e g a r d l e s s  of c h l o r i n e  app l i 
c a t i o n  schedu les .  These o b s e r v a t i o n s ,  a long  w i t h  t h e  f a c t  t h a t  c h l o r i n a t i o n  
occur red  no more than 33 p e r c e n t  of t h e  t i m e ,  i n d i c a t e d  c h l o r i n e  a f f e c t e d  
p l a n k t o n i c  community metabolism very l i t t l e .  

Per iphyton rates of accumulation w e r e  extremely v a r i a b l e ,  b u t  t r e n d s  i n d i 
c a t e d  t h a t  t h e  upper d i scha rge  c a n a l  rates were less than  a t  o t h e r  s i t e s  
i n c l u d i n g  t h e  lower d i scha rge  c a n a l  where temperatures were s imilar .  Chlor ine 
may have i n h i b i t e d  p e r i p h y t i c  growth i n  t h e  upper d i s c h a r g e  c a n a l  even though 
it d i d  n o t  s e e m  t o  b e  p r i m a r i l y  r e s p o n s i b l e  f o r  phy top lank ton ic  responses .  It 
is a l s o  p o s s i b l e  t h a t  p e r i p h y t i c  organisms were n o t  e n t i r e l y  una f fec t ed  by 
mechanical stress o r  thermal shock. The co lon iz ing  c a p a c i t y  of organisms 
a d r i f t  i n  t h e  coo l ing  water might have been t empora r i ly  i n c a p a c i t a t e d  by con
dense r  passage. Whatever t h e  e f f e c t  on per iphyton,  i t  d i d  n o t  seem t o  p e r s i s t  
f a r  down t h e  d i scha rge  c a n a l  o r  i n  t h e  thermal plume. 

Although s u b t l e  b u t  r ea l  changes i n  community metabolism appeared t o  b e  
caused by entrainment ,  community s t r u c t u r e  changed l i t t l e ,  The d i v e r s i t y  of 
phytoplankton i n  t h e  coo l ing  system appeared t o  b e  r e g u l a t e d  almost e n t i r e l y  
by t h e  mix of r iver  and l a k e  sou rce  waters. Although s l i g h t  popu la t ion  s h i f t s  
appeared i n  c e r t a i n  s p e c i e s ,  they had no r ecogn izab le  impact on d i v e r s i t y  
estimates. Given the r ap id  r e g e n e r a t i o n  rates of phytoplankton and t h e  s i z e  
of Lake E r i e ,  t h e  entrainment  e f f e c t  on t h e  phytoplankton of wes te rn  Lake 
E r i e  w a s  a t r a n s i t o r y  d i s t u r b a n c e  superimposed on a n  a q u a t i c  community t h a t  is 
prone t o  e r r a t i c ,  r e l a t i v e l y  massive,  me te ro log ica l  d i s t u r b a n c e s  (Chandler,  
1944).  Based on basin-wide e s t i m a t e s  of phytoplankton d i s t r i b u t i o n s  (Har t l ey  
and Potos ,  1971)  and flow through t h e  western b a s i n ,  even complete d e s t r u c t i o n  
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of a l l  phytoplankton e n t r a i n e d  a t  Monroe wouldamount t o  less than 1 t o  2 per
c e n t  of t he  t o t a l  i n  t he  western b a s i n .  B u t  more important  i n  western Lake 
E r i e  i s  t h e  t h r e a t  of i nc reased  oxygen demand generated by  e u t r o p h i c a t i o n .  If 
any th ing ,  t h e  thermal d i scha rge  a c c e l e r a t e s  t h e  recovery of n u t r i e n t  enr iched 
w a t e r s  e n t e r i n g  the  b a s i n  v i a  t h e  Ra i s in  River w i thou t  l o c a l l y  aggrava t ing  
oxygen d e p l e t i o n  rates. Even though t h i s  is a d e s i r a b l e  r educ t ion  of n u r r i e n t  
loading t o  t h e  b a s i n  it is a r e l a t i v e l y  minor deduc t ion ,  a t  most 1 percent  of 
t h e  t o t a l  es t imated ( I J C ,  1969) from a l l  t r i b u t a r i e s .  

One nega t ive  impact observed w a s  t he  apparent  e f f e c t  o f  e r o s i o n  from the 
coo l ing  system. I f  t h i s  e r o s i o n  r a t e  were maintained over t h e  next  35 y e a r s ,  
t h e r e  could b e  a n e t  e x p o r t  of sediments e q u i v a l e n t  t o  1 - m  deep by 1 km2 of 
l a k e  bottom o f f  t h e  d i scha rge  cana l .  O f  cou r se ,  much of t h i s  m a t e r i a l  would 
b e  d i s p e r s e d  by l a k e  c u r r e n t s  over  a l a r g e  p a r t  of t h e  wes te rn  b a s i n .  I f  i t  
were evenly d i spe r sed  over t h e  e n t i r e  b a s i n ,  i t  would accumulate about 0 .01 
mm/year.’ This amount i s  e q u i v a l e n t  t o  about 2 pe rcen t  of t h e  e s t i m a t e d  s e d i 
ment l o a d  ( I J C ,  1969) e n t e r i n g  Lake E r i e  v ia  t h e  Maumee R ive r .  

ZOOPLANKTON 

The mean annual  d i s t r i b u t i o n s  of a l l  t h e  major taxonomic groups of zoo
plankton i n d i c a t e d  c o n s i s t e n t  entrainment  impacts.  A mean annual  average of 
about 40 percen t  of a l l  zooplankton disappeared from t h e  water column somewhere 
between t h e  i n t a k e  and t h e  sampling l o c a t i o n  i n  upper d i scha rge  cana l .  The 
e f f e c t  a t  t h e  Monroe P l a n t  w a s  c o n s i s t e n t  f o r  a l l  of t h e  major taxa p r e s e n t  
r e g a r d l e s s  o f  s i z e  o r  b e h a v i o r a l  d i f f e r e n c e s .  Beckand Miller (1974) and Car
pen te r  (1974) r epor t ed  even h i g h e r  l o s s e s  caused by mechanical damage. Although 
d e c l i n e s  may b e  expected f o r  zooplankton abundance downstream from a power 
p l a n t ,  o t h e r  f i e l d  s t u d i e s  u s u a l l y  i d e n t i f y  l i t t l e  r ecogn izab le  impact i n  t h e  
r e c e i v i n g  water (Davies and Jensen,  1974).  

The s p e c i f i c  cause o f  t h e  imRact a t  t h e  Monroe Power P l a n t  is  pe r l ex ing .  
It i s  u n l i k e l y  t h a t  t h e  dep res s ion  i s  an a r t i f a c t  caused by i n c o r r e c t  e s t i m a t e s  
of t h e  mixing rates of r iver  and l a k e  water. It could have been caused by 

Butsampling e r r o r  i f  t h e  c o n t r i b u t i o n  of r i v e r  water had been ove res t ima ted .  
such a sampling a r t i f a c t  should b e  r e f l e c t e d  i n  t h e  abundance r a t i o s  o f  s p e c i f i c  
taxa. For example, r o t i f e r s  were r e l a t i v e l y  more abundant than copepods i n  t h e  
r iver  water compared t o  l a k e  water. I f  t h e  e s t ima ted  r i v e r  c o n t r i b u t i o n  were 
too h igh ,  t h e n  r o t i f e r  d e n s i t i e s  should have decreased l e s s  than copepod den
s i t ies .  J u s t  t h e  o p p o s i t e  appeared i n  the  da t a .  According t o  t r a c e  d a t a ,  t h e  
r iver-water  c o n t r i b u t i o n ,  i f  anything,  was underest imated.  

Whatever depressed zooplankton d e n s i t y  d i d  s o  b e f o r e  t h e  water reached the 
upstream s t a t i o n  i n  t h e  d i scha rge  cana l .  A f t e r  t h a t ,  d e n s i t i e s  remained f a i r l y  
cons t an t  i n  the  d i scha rge  cana l .  Before r each ing  t h e  d i scha rge  c a n a l ,  t h e  plank
ton passed through t h e  pumps, t hen  the  condensers a t  about 2- m/sec and f i n a l l y  
i n t o  t h e  c o n c r e t e  overflow canal which c a r r i e d  them a t  about  0.75 m / s e c  t o  t h e  
upper d i scha rge  cana l  w i t h i n  20 minutes of t he  condenser passage. P o t e n t i a l  
f i s h  p r e d a t o r s  have never  been sampled i n  t h e  overflow c a n a l ,  b u t  water ve loc i 
t i e s  seemed too high and t h e  c a n a l  t oo  s h o r t  t o  f o s t e r  high f i s h  abundances 
l i k e  those  i n  t h e  d i scha rge  cana l  (Cole, 1976). 

1 1 7  



Chlorine w a s  n o t  a p p l i e d  i n  t h e  a f t e rnoon ,  b u t  t h e  d i f f e r e n c e s  i n  popula
t i o n  d e n s i t y  changes between t h a t  time and t h e  c h l o r i n a t i o n  times was no t  enough 
t o  i m p l i c a t e  c h l o r i n e  as a primary f a c t o r .  Even i f  c h l o r i n e  were k i l l i n g  
animals,  i t  would n o t  completely d e s t r o y  t h e  bodies  of i n d i v i d u a l  zoop lank te r s .  

Dead, dying,  o r  "shocked1' animals could have s e t t l e d  t o  t h e  bottom from 
t h e  sampled water column, a l though t h i s  w a s  u n l i k e l y  i n  t h e  r a p i d l y  f lowing 
water of t h e  overflow cana l .  Zooplankton may have s e t t l e d  from t h e , u p p e r  d i s 
charge c a n a l  soon a f t e r  water  emptied i n t o  i t  from t h e  overflow cana l .  Veloci
t i e s  i n  t h e  d i s c h a r g e  c a n a l  averaged less than 0.15 m/sec and may have been 
much less than  t h a t  n e a r  t h e  bottom. Some of t h e  animals may have moved toward 
the  bottom as  soon as  they  passed i n t o  t h e  upper d i scha rge  cana l .  McLaren 
(1963) and Gehrs (1974) found t h a t  a t  leas t  c e r t a i n  s p e c i e s  s w a m  toward bottom 
when they  were exposed t o  h i g h e r  temperatures .  Many of t h e  zooplankters  may 
have moved o r  s e t t l e d  t o  dep ths  below those  t h a t  were sampled, caus ing  an 
apparent  l o s s  only.  

Other  s l i g h t  changes i n  t h e  abundance and s i z e  d i s t r i b u t i o n  of zooplankton 
may have occurred a f t e r  t h e  p l ank ton  d r i f t e d  downstream from t h e  upper d i scha rge  
canal .  Although t h e  d e n s i t y  i n c r e a s e d  on ly  s l i g h t l y ,  i f  a t  a l l ,  as t h e  plankton 
passed down t h e  d i s c h a r g e  c a n a l ,  t h e  mean s i z e  of zooplankton, p a r t i c u l a r l y  
c ladocerans,  appeared t o  dec rease .  These s i z e  changes i n  c l adoce rans  may have 
occurred because l a r g e r  an ima l s ,  more t h a n  smaller ones,  were eaten,  s e t t l e d  
o u t ,  o r  emigrated from t h e  water column, o r  t h e r e  w a s  some combination of s i z e  
r e l a t e d  r ec ru i tmen t  and m o r t a l i t y .  Among copepods, t h e  mean s i z e  of  a d u l t s  and 
n a u p l i i  changed w i t h o u t  c o n s t a n t  t r e n d  du r ing  passage. On t h e  o t h e r  hand, t h e  
mean s i z e  of r o t i f e r s  seemed t o  i n c r e a s e  as i f  i n  response t o  some compe t i t i ve  
release. 

Regeneration probably c o n t r i b u t e d  l i t t l e  t o  t h e  decreased mean s i z e  t h a t  
w a s  witnessed du r ing  passage through t h e  d i scha rge  c a n a l ,  b u t  t h e  d e n s i t i e s  
seemed t o  i n c r e a s e  s l i g h t l y  as t h e  water passed through t h e  coo l ing  system. A 

very  small change could have been caused by r ec ru i tmen t .  Under op t ima l  con
d i t i o n s ,  w i t h  a l i f e  expectancy of 2 weeks and a mean f e c u n d i t y / i n d i v i d u a l  of 
about 10 young (Ge i l ing  and C a m b e l l ,  1972; Ecks t e in ,  1964; and Munro, 1974) t h e  
d e n s i t y  of copepods and c l a d e r a n s  could have inc reased  only 2 t o  3 p e r c e n t  i n  6 
t o  1 2  hours .  Vertical p r o f i l e s  of zooplankton abundance i n d i c a t e d  t h a t  many of 
t h e  cladocerans and c o p e p o d s r e c o v e r e d t h e i r  a b i l i t y  t o  o r i e n t  t o  depth r e l a t e d  
g r a d i e n t s  by moving toward bottom w i t h i n  a few hours  of t h e  time t h a t  they 
passed through t h e  condenser. 

A t  least  some of t h e s e  l a r g e r  organisms could have moved f a r  enough away 
from t h e  s u r f a c e  t o  e n t i r e l y  avo id  c a p t u r e .  The mean s i z e  of c l adoce rans ,  i n  
p a r t i c u l a r ,  seemed t o  dec rease  as t h e  p l ank ton  passed down t h e  c a n a l ,  perhaps 
because l a r g e r  animals  s e t t l e d  o r  moved o u t  of t he  water column o r  because they 
were eaten. Kenaga and  Cole (1975) i n d i c a t e d  t h a t  c e r t a i n  f i s h  s p e c i e s  caught 
i n  t h e  v i c i n i t y  of t h e  power p l a n t  tended t o  b e  s i z e - s e l e c t i v e  f e e d e r s .  Kel ly  
and Cole (1976) a l s o  found p a r a l l e l  s i z e  changes i n  b e n t h i c  organisms i n h a b i t 
ing  the d i scha rge  cana l .  Cole (1976) r e p o r t e d  t h a t  f i s h  d e n s i t i e s  i n  t h e  d i s 
charge c a n a l  u s u a l l y  exceeded t h o s e  i n  t h e  nearby l ake ,  so  t h e  depressed s i z e s  
may have r e f l e c t e d  t h e  e f f e c t  of i n t e n s e  p reda t ion .  
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I f  a s i z e - r e l a t e d  s e l e c t i o n  process  was o p e r a t i n g  i n  t h e  cool ing  system, 
i t  had no recognizable  impact on t h e  d i v e r s i t y .  D i v e r s i t y  i n d i c e s  have been 
promoted as one i n t e g r a t i v e  means f o r  i d e n t i f y i n g  comunity-wide in f luences  of 
man-caused p e r t u r b a t i o n s  (Wilhm and D o r r i s ,  1968).  B u t ,  none of the  d i v e r s i t y  
estimates made dur ing  t h i s  s tudy  i n d i c a t e  t h a t  p a s s a g e  through the  cool ing  
system had any c o n s i s t e n t  impact on community s t r u c t u r e .  

The c h l o r i d e  t r a c e r  i nd ica t ed  t h a t  l i t t l e  coo l ing  water was recyc led  by 
power-plant o p e r a t i o n  even though the  wind f r equen t ly  fo rced  the  plume wa te r s  
northward toward t h e  i n t a k e .  Nei ther  samples of zooplankton o r  c h l o r i d e ,  t aken  
over two t o  three-day pe r iods ,  revea led  any t r e n d s  i n  changing concen t r a t ion  
t h a t  would sugges t  a cumulative e f f e c t  from recyc l ing .  The d i l u t i o n  of d i scha rge  
wa te r s  by t h e  r e c e i v i n g  waters  e f f e c t i v e l y  diminished any r ecogn izab le  e n t r a i n 
ment impact a t  t h e  plume edges.  

The abundance of  zooplankton i n  t h e  cool ing  system followed p a t t e r n s  s i m i 
l a r  to  a d j a c e n t  p a r t s  of wes tern  Lake Erie (Cole,  1976) du r ing  t h e  same 
yea r s  of s tudy .  None of t h e  entrainment  e f f e c t s  p e r s i s t e d  beyond t h e  plume 
i n t o  wes te rn  Lake E r i e .  

Based on t h e  rates used du r ing  t h i s  s tudy ,  t h e  power p l a n t  pumped about  
0.005 km3/day. I n  t h e  s tudy  r epor t ed  by Cole (1976),  zooplankton were sampled 
a long  t h e  c e n t r a l  axis of a r e c t a n g u l a r  c o a s t a l  area t h a t  w a s  about  15-km x 
4-km and averaged 5-m deep. The volume of t h a t  area comprised t h e  equ iva len t  
of 0.3 km3 o f  coo l ing  water. Assuming no mixing w i t h  o t h e r  l a k e  water ,  i t  
would t a k e  about 2 months t o  move a l l  o f  that  water through the cool ing  system. 
Even i f  a l l  zooplankters  were k i l l e d  i n  passage,  t h e  r e s i d u a l  popu la t ions  
w i t h i n  t h a t  r e l a t i v e l y  s m a l l  p a r t  ( l e s s  than  2%) o f  t h e  western b a s i n  would b e  
capable  of t u r n i n g  over  2 t o  4 times dur ing  t h e  summer months based on a 2 t o  
4 week l i f e  expectancy of most zooplankton. The wes te rn  b a s i n  i s  w e l l  mixed 
and t h e  c a l c u l a t e d  replacement rate f o r  water i n  t h e  whole b a s i n  i s  a l s o  about  

months. There could b e  l i t t l e  entrainment  impact o f  consequence on t o t a l  
zooplankton abundance i n  such a l a r g e  dynamic system even though entrainment  
may have  t empora r i ly  d i s o r i e n t e d  animals ,  i nc reased  t h e i r  v u l n e r a b i l i t y  t o  
p r e d a t i o n  and, perhaps,  even des t royed  up t o  50 p e r c e n t  of a l l  en t r a ined  
animals.  However, one s p e c i e s  of zooplankton, Leptodora k i n d t i i ,  may have been 
e x c e p t i o n a l l y  a f f e c t e d  because of i ts r e l a t i v e l y  l a r g e  s i z e  and r e l a t i v e l y  slow 
r e g e n e r a t i o n  rates. 

FOODS OF FISH 

Entrainment could i n d i r e c t l y  d i s r u p t  t r o p h i c  r e l a t i o n s h i p s  between impor
t a n t  f i s h  popula t ions  and t h e i r  prey. Much of the economic and e c o l o g i c a l  va lue  
of some i n v e r t e b r a t e s  and sma l l  f i s h  mani fes t  i n  t h e i r  importance as f i s h  food. 
One major conclus ion  has  emerged from our  work on f i s h  foods;  t h e  s i z e  of t h e  
consumed food i s  r e l a t e d  t o  f i s h  s i z e .  The smallest f i s h  larvae used r o t i f e r s ,  
copepod n a u p l i i  and o t h e r  small ,  p l ank ton ic  organisms. Larger  larvae depended 
more on l a r g e r  copepods and c ladocera .  J u v e n i l e  f i s h ,  over  30-mm long,  a t e  few 
r o t i f e r s  and appeared t o  select  t h e  l a r g e s t  food items a v a i l a b l e  t o  them; t h e  
l a r g e  c ladoceran ,  L. k i n d t i i ,  and two genera of midge larvae, P roc lad ius  and 
Chironomus. 
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A cont inuous ly  abundant and d i v e r s e  assemblage of small zooplanktonic  
foods appeared t o  be  a v a i l a b l e  t o  small f i s h e s  from A p r i l  t o  October ,  b u t  
l a r g e r  food s p e c i e s  appeared less d ive r se .  Among p o t e n t i a l  zooplankton foods,  
less than 0 . 2  mm long,  t h e r e  were 2 3  s p e c i e s  of s m a l l  r o t i f e r s  and the  n a u p l i i  
of 10 copepod species. In  a s l i g h t l y  l a r g e r  group of food s p e c i e s ,  ranging 
from 0.5 t o  3 mm long, t h e r e  w e r e  10 s p e c i e s  of j u v e n i l e  and a d u l t  copepods 
and 5 s p e c i e s  of c ladocerans.  Only one zooplanktonic  i n v e r t e b r a t e  commonly 
exceeded 1 c m ,  L. k i n d t i i .  

Other l a r g e  food organisms were found among t h e  twenty-six taxa  of b e n t h i c  
macro inver tebra tes  encountered i n  t h e  s tudy  area (Kel ly  and Cole, 1976) .  Half 
of t h e s e  s p e c i e s  were t u b i f i c i d s ,  a group which was no t  found i n  t h e  stomachs 
o f  any f i s h  examined (Kenaga and Cole,  1975; Appendix A ) .  These organisms 
seemed n o t  t o  b e  a v a i l a b l e  as a food source .  The remaining b e n t h i c  s p e c i e s  
w e r e  mostly a r thropods  and mollusks,  of which t h r e e  genera of midges com
p r i s e d  98 pe rcen t  (Kel ly  and Cole,  1976).  The stomachs of some of t h e  
l a r g e s t  fish a l s o  had f i s h  remains (Kenega and Cole,  1976). 

Among t h e  carnivorous f i s h  over 30-mm long,  60 t o  95 pe rcen t  of t h e  
food volume w a s  comprised of L. k i n d t i i ,  Chironomus and P roc lad ius ;  a l l  ove r  
1 - c m  long. Large cladocerans and copepods made up most o f  t h e  remaining 
stomach con ten t s .  The l a r g e r  s p e c i e s  w e r e  r e l a t i v e l y  rare i n  t h e  s tudy  area 
b u t  they  were s e l c t e d  as food much more o f t e n  than t h e  common b u t  smaller 
s p e c i e s .  Both LeBrasseur (1969) and Brooks (1968) found t h a t  organisms below 
a g iven  s i z e  w e r e  ignored when l a r g e r  a l t e r n a t i v e  organisms w e r e  p re sen t .  

Lake E r i e , h a s  s u f f e r e d  from increased  s i l t a t i o n ,  oxygen demand, contamina
t i o n  w i t h  t o x i c  materials and p a r a l l e l  changes i n  t h e  s p e c i e s  composition of 
t h e  b e n t h i c  macro inver tebra tes  (Regier  and Hartman, 1973),  Many of t h e  l a r g e r  
s p e c i e s  of a r thropods  have r a d i c a l l y  dec l ined  i n  abundance while t u b i f i d s  have 
inc reased  (Carr and Hi l tunen ,  19651, l eav ing  a monotonous b e n t h i c  community 
dominated b y  midges and t u b i f i c i d s .  Since t u b i f i c i d s  seem n o t  t o  b e  consumed 
by f i s h ,  t h e  f o r a g e  base  has  become r e s t r i c t e d  t o  fewer s p e c i e s  than  i n  t h e  
p a s t .  J u v e n i l e  and a d u l t  f i s h  may now r e l y  more cont inuous ly  on zooplankters  
f o r  food, e s p e c i a l l y  4. k i n d t i i .  The change i n  t h e  food r e source  may have 
i n t e n s i f i e d  compet i t ive  i n t e r a c t i o n s  among t h e  d i f f e r e n t  s i z e s  of f i s h  enough 
t o  cause  some d e c l i n e  i n  t h e  growth of o l d e r  age groups.  

To some u n i d e n t i f i e d  e x t e n t ,  condenser passage may, a t  least l o c a l l y ,  
dep res s  the d i v e r s i t y  of food s i z e s  by s e l e c t i v e l y  k i l l i n g  l a r g e r  organisms 
(McNaught, 1972).  Our pre l iminary  s t u d i e s  of plankton m o r t a l i t y ,  l i k e  those  
r epor t ed  by Mass ing i l l  (1976) f o r  the  Connect icut  R ive r ,  i n d i c a t e  t h a t  L. k i n d i i  
is  r e l a t i v e l y  vu lne rab le  t o  condenser passage compared t o  smaller zooplankters .  
Massengi l l  (1976) a l s o  ind ica t ed  t h a t  en t r a ined  midges s u f f e r e d  h igh  mor ta l i 
ties. The r e l a t i v e l y  l a r g e  l a r v a l  f i s h  a l s o  seem prone t o  h i g h  m o r t a l i t y  from 
mechanical damage (Marcy, 1971, 1973 and 1976) .  

Because Leptodora k i n d i i  were r e l a t i v e l y  rare i n  t h e  samples ,  any power 
p l a n t  impacts  on t h e i r  abundance could have been missed. Conclusions reached 
f o r  zooplankton popula t ions  i n  g e n e r a l  probably do n o t  apply  s p e c i f i c a l l y  t o  
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L. k i n d i i .  Destruct ion of t h i s  important  fo rage  s p e c i e s  could have a l o c a l  
impact on t h e  growth of some f i s h  s p e c i e s .  I t  i s  an e x c e p t i o n a l l y  important 
organism t h a t  deserves  more a t t e n t i o n  than  i t  has r ece ived .  

LARVAL FISH SAMF'LING 

Techniques 

The entrainment of l a r v a l  f i s h  may b e s t  b e  mi t iga t ed  bv a p p r o p r i a t e l y  loca
t i n g  i n t a k e s  du r ing  p l a n t  c o n s t r u c t i o n .  Useful i n fo rma t ion  f o r  a p p r o p r i a t e  
p l a n t  s i t i n g ,  o r  t h e  e v a l u a t i o n  of a n  o p e r a t i n g  p l a n t ' s  e f f e c t ,  r e q u i r e s  a 
p r e c i s e ,  r e p r e s e n t a t i v e ,  c o s t - e f f e c t i v e  assessment of l a r v a l  f i s h  d i s t r i b u t i o n s .  
The comparabi l i ty  of sampling r e s u l t s  from b i o l o g i c a l l y  and p h y s i c a l l y  d i v e r s e  
environments, must be a paramount concern f o r  an o b j e c t i v e  inven to ry .  Both f i s h  
d i s t r i b u t i o n s  and sampling techniques may b e  independent ly  in f luenced  by the 
p h y s i c a l  a spec t  of t h e  environment; most ly  by v a r i a t i o n s  i n  depth c u r r e n t  
v e l o c i t y ,  t u rbu lence ,  bottom c o n f i g u r a t i o n ,  and water c l a r i t y .  The primary 
o b j e c t i v e  of our  technique comparisons w a s  t o  e s t a b l i s h  the  r e l a t i v e  e f f e c t i v e 
n e s s  of some commonly app l i ed  techniques i n  t h e  open water  of wes t e rn  Lake E r i e .  
We concentrated on use of open, 1-m, p lankton n e t s  because of t h e i r  many prac
t i c a l  advantages.  The r e s u l t s  of t h e s e  technique comparisons may b e  a p p l i c a b l e  
t o  any comparable, t u r b i d ,  shallow l a k e  o r  r e s e r v o i r  populated wi th  s i m i l a r  
f i s h  s p e c i e s .  

The 1-m, p lankton n e t  h a s  o p e r a t i o n a l  advantages on sma l l  v e s s e l s  t h a t  
f a v o r  i t s  use over  small pumps o r  high-speed n e t s .  Water can b e  processed more 
r a p i d l y  and i t  i s  r e l a t i v e l y  easy t o  manipulate t h e  plankton n e t  f o r  depth-
d i s c r e t e  o r  depth i n t e g r a t e d  sampling. The high-speed sampler is p a r t i c u l a r l y  
i m p r a c t i c a l  i n  r e l a t i v e l y  shal low,  shorezone areas. I n  t h i s  s t u d y ,  pumping 
took 20 t i m e s  as long as tow-netting t o  p rocess  t h e  same amount of w a t e r  proces
s e d b y - t o  t h e  1-m n e t .  Both pumping and high-speed n e t t i n g  damaged more l a r v a e .  
But,  most impor t an t ly ,  t h e  I -m n e t  c o n s i s t a n t l y  w a s  a t  least  as e f f e c t i v e  as 
t h e  Kenco Pump and t h e  high-speed plankton sampler.  Using ano the r  pump type 
f o r  zooplankton, Icanberry and Richardson (1972) s i m i l a r l y  found no d i f f e r e n c e  
between t h e  pump and a 150-p n e t .  

With t h e  1-m n e t ,  t h e  mesh-size t i m e  of day, and depth of tow a l l  profoundly 
in f luenced  t h e  cap tu re  r a t e  of l a r v a e .  These s t u d i e s  i n d i c a t e d  t h a t  t he  most 
e f f e c t i v e ,  daytime sampling would b e  a combination of bottom-sled and ob l ique  
tows. During the  day, o b l i q u e  tows a lone  cannot account  f o r  t h e  s h a r p l y  stra
t i f i e d ,  h igh  c o n c e n t r a t i o n  of l a r v a e  a t  t h e  bottom because t h e  n e t  cannot b e  
r e l i a b l y  drawn c l o s e  to  t h e  bottom except  i n  ve ry  shallow water .  Without a 
bottom-sled, daytime tow-netting is more l i k e l y  t o  c a t c h  l a r v a e  i n  shallow 
w a t e r  t han  i n  deeper water. Above t h e  dense l a r v a l  l aye r  near  bottom, the  v e r t i 
cal  d i s t r i b u t i o n  of larvae revealed no c o n s i s t e n t ,  dep th - re l a t ed  p a t t e r n s .  Y e t ,  
enough d i f f e r e n c e s  occur among t h e  d i s c r e t e  dep ths  sampled t o  war ran t  pool ing 
t h e  v a r i a t i o n  by sampling wi th  ob l ique  tows. 

The n igh t t ime  sampling e f f o r t  y i e lded  more l a r v a e  then t h e  daytime e f f o r t .  
This  is  a commonly desc r ibed  phenomenon i n  a v a r i e t y  of environments (Mi l l e r  
e t  a l . ,  1963; C l u t t e r  and Anraku, 1968; Noble, 1970; Faber ,  1967 ;  and Marcy, 
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1973) .  From 2 t o  50 t i m e s  more l a r v a e  were captured  a t  n i g h t  than day i n  
ob l ique  tows. The estimated n igh t t ime  c a t c h  pe r  squa re  meter of  s u r f a c e ,  
w i thou t  t h e  bottom s l e d ,  averaged roughly  s i m i l a r  t o  t h e  daytime e s t i m a t e  
wi th  t h e  bottom s l e d .  This  s i m i l a r i t y  i n  e s t ima ted  day and n i g h t  d e n s i t i e s  
pe r  u n i t  of s u r f a c e  sugges t s  t h a t  l a r v a e  were no t  concent ra ted  near  t h e  bottom 
a t  n i g h t  l i k e  they  were dur ing  t h e  day. The cumbersome s l e d  may be  an unneces
s a r y  a d d i t i o n  t o  ob l ique  sampling a f t e r  dark .  The n igh t t ime  v a r i a t i o n  among 
t h e  s t a t i o n  r e p l i c a t e s  w a s  less than  t h e  daytime v a r i a t i o n .  A s  l o n g  a s  naviga
t i o n  i s  not  too  t i m e  consuming, n i g h t  sampling probably w i l l  y i e l d  more i n f o r 
mation than  day sampling. 

Oblique,  n i g h t  sampling w a s  more e f f i c i e n t  than  s t r a t i f i e d  n i g h t  sampling.  
Although s p e c i e s  l i k e  perch and s m e l t  tended t o  c o n c e n t r a t e  i n  t h e  lower s t r a t a ,  
t h e  d i f f e r e n c e s  i n  n igh t t ime  v e r t i c a l  d i s t r i b u t i o n s  above the  bottom were not  
n e a r l y  as g r e a t  as v e r t i c a l  d i f f e r e n c e s  i n  c u r r e n t  v e l o c i t i e s .  Depth r e l a t e d  
v a r i a t i o n s  i n  water v e l o c i t y  were much more l i k e l y  t o  i n f l u e n c e  t h e  determina
t i o n  o f  t he  n i g h t t i m e  changes i n  l a r v a l  f i s h  d i s t r i b u t i o n s  than  t h e  r e l a t i v e l y  
minor v e r t i c a l  v a r i a t i o n s  i n  l a rva l  d e n s i t i e s .  S tud ie s  of  wind-generated 
movements i n  v a r i o u s  environments i n d i c a t e d  t h a t  v e l o c i t i e s  can change an  
o rde r  of magnitude w i t h i n  a few meters of t h e  s u r f a c e  (Hutchinson, 1957) and 
t h i s  appeared t o  be  s u b s t a n t i a t e d  by ou r  s t u d i e s  (Har t l ey  e t  a l . ,  1966) i n  t h e  
v i c i n i t y  of  t h e  Monroe Power P l a n t .  

Hypo the t i ca l ly ,  bo th  mesh s i z e  and tow l eng th  may i n f l u e n c e  t h e  ca t ch  ra te  
of p lankton  n e t s .  Wichstead (1963) and T r a n t e r  (1963) found t h a t  d i f f e r e n t  
mesh s i z e s  a f f e c t e d  t h e  y i e l d  of  zooplankton because o f  t h e  animals  s i z e  d i s 
t r i b u t i o n ,  t h e  n e t  f i l t r a t i o n  e f f i c i e n c y  and t h e  r a t e  o f  n e t  c logging  w i t h  
suspended matter. In t h i s  s tudy ,  a l l  n e t s  l a r g e r  than  363 p cap tured  f a r  fewer 
p ro la rvae  than  t h e  363 p n e t s .  Whereas t h e  1000 p mesh was u n s u i t a b l e  f o r  a l l  
sampling, t h e  5 7 1  p and 760 p n e t s  appeared t o  ca t ch  p o s t l a r v a e  about  as 
e f f e c t i v e l y  as t h e  363 p n e t s .  Where t h e r e  a r e  s t r o n g  s p a t i a l  and temporal  
v a r i a t i o n s  i n  t h e  suspended s o l i d s ,  t h e  optimum n e t  s i z e  w i l l  vary  accord ingly .  
E i t h e r  a "compromiser' mesh s i z e  needs t o  be  s e l e c t e d  o r  t h e  mesh s i z e  w i l l  have 
t o  be ad jus t ed  t o  s u i t  t h e  s p e c i f i c  c o n d i t i o n s .  I n  t h e  s tudy  a r e a ,  t h e  compro
m i s e  mesh s i z e  for a l l  l a rva l  s i z e s  appeared t o  b e  between 361 p and 571  u .  
For postlarvae a lone ,  t h e  compromise mesh s i z e  may be  760 p. 

The l e n g t h  o f  a tow t h a t  can b e  made wi thou t  a f f e c t i n g  t h e  cap tu re  ra te  
may depend on t h e  mesh s i z e  because t h e  amount of  c logging  from suspended matter 
depends on t h e  t i m e  towed (Vanucci, 1968) .  The r e s u l t s  of towing 571-p n e t s  
from 1 t o  5 minutes  i n d i c a t e d  no d i f f e r e n c e s  i n  c a p t u r e  ra tes  f o r  any towing 
t i m e s  under t h e  cond i t ions  t h a t  were sampled i n  Lake Erie. The p a t c h i n e s s  i n  
l a r v a l  f i s h  d i s t r i b u t i o n s  may i n f l u e n c e  t h e  choices  of  a t o w  l e n g t h  i f  t h e  
f i l t e r i n g  e f f i c i e n c y  i s  n o t  g r e a t l y  a f f e c t e d  by t h e  towing t i m e .  Noble (1970) 
noted t h a t  s h o r t  tow t i m e s  may enab le  a n  inc reased  number of samples and 
dec reases  t h e  v a r i a b i l i t y  which may be  in t roduced  by  l o n g e r  tows. This  is  
most l i k e l y  t o  be  t r u e  when t h e  l a r v a e  are grouped i n  r e l a t i v e l y  l a r g e  pa t ches  
o r  are no t  a t  a l l  clumped i n  t h e i r  d i s t r i b u t i o n s .  On t h e  o t h e r  hand, Wiebe 
(1971) thought  h e  gained p r e c i s i o n  by lengthening  tows whenever l a r v a e  formed 
small pa tches  because t h e r e  w a s  a g r e a t e r  p r o b a b i l i t y  of sampling a s i m i l a r  
number of  pa t ches .  
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I n  our s t u d i e s ,  t h e  l eng th  of tow b e t w e e n  1 and 5 m i n u t e s  d i d  n o t  a f f e c ;  
t he  ca t ch  rate o r  v a r i a b i l i t y  of  ca tch  sven though the  v a r i a b i l i t y  among r e p l i 
c a t e s  reached a 300 percent  c o e f f i c i e n t  o f  v a r i a t i o n .  l 3 e  Lake Erie d i s t r i b u 
t i o n s  appear  t o  be  less v a r i a b l e  than KhOSe descr ibed  b v  Wiebe ( 1 9 7 1 ) .  Consid
e r i n g  t h e  in fo rma t ion  r e t u r n  per  u n i t  e f f o r t  f o r  e s t ima tes  of abundant 1 n r v ; t e  
on wes te rn  Lake E r i e ,  s h o r t e r  1- t o  2-min tows should y i e l d  more than longer  
tows because  a g r e a t e r  number of samples can b e  gained w i t h i n  the  t o t a l  time 
a v a i l a b l e  f o r  s t u d y .  I f  r a r e  s p e c i e s  a r e  t o  become t h e  t a r g e t ,  t he  tow l eng th  mas ii.l\.= 

t o b e  e l o n g a t e d t o a v o i d  toomany e m p t y  tows o r  i n d i v i d u a l  tows maybe pooled f o r  a n s l v s 2 s .  
I n s i t u a t i o n s w h e r e d e n s i t i e s a r e  unknown, the  l a t t e r a p p r o a c h  a l lowsmore  f l e s i b i l i : ~ .  

An e f f i c i e n t  approach t o  d e f i n i n g  h o r i z o n t a l  d i s t r i b u t i o n a l  v a r i a t i o n s  
near  sho re  would b e  t o  sample a t  n i g h t  wi th  1 t o  2-min ob l ique  tows. Even 
though n i g h t  nav iga t ion  can b e  d i f f i c u l t  and n i g h t  sampling i s  more t i m e -
consuming than  day sampling,  g r e a t e r  in format ion  appears  t o  be  gained f r o m  
n i g h t  sampling. The s i z e  of  t h e  water  body, d i s t a n c e  from shore  and a v a i l a 
b i l i t y  of l i g h t e d  landmarks and buoys w i l l  h e l p  t o  determine t h e  r e l a t i v e  
e f f e c t i v e n e s s  of n i g h t  sampling. 

D i s  t r i b u t i o n s  

The k i n d s  of d i s t r i b u t i o n s  e x h i b i t e d  by d i f f e r e n t  f i s h  s p e c i e s  no t  only 
h e l p s  t o  c l a r i f y  t h e i r  r e l a t i v e  v u l n e r a b i l i t y  t o  i n t a k e  en t ra inment  b u t  a l s o  
a i d s  i n  choosing a s u i t a b l e  sampling des ign  t o  determine t h e i r  abundance. The 
combination of  environmental  h e t e r o g e n e i t y  and behav io ra l  a t t r i b u t e s  of t h e  
larvae o f t e n  causes  non-random, "patchy" (Gushing, 1961) , "clumped" (Wiebe, 
1971) ,  "aggregated" (Barnes and Marsha l l ,  1951),  o r  "overdispersed" (Cass i e ,  
1959) d i s t r i b u t i o n s  which are  u s u a l l y  desc r ibed  o r  approximated by t h e  n e g a t i v e  
b inomia l  (Taylor ,  1953) o r  Poisson-log-normal d i s t r i b u t i o n .  These d i s t r i b u 
t i o n a l  v a r i a n t s  have been  hypothesized t o  o r i g i n a t e  from water d i s c o n t i n u i t i e s  
and h e t e r o g e n e i t y  a r i s i n g  from weather  phenomena and t r i b u t a r y  hydrodynamics 
o r  i n t e r s p e c i f i c  and i n t r a s p e c i f i c  b e h a v i o r a l  p a t t e r n s  (Cass i e ,  1962; S a v i l l e .  
1965; Barnes and Marsha l l ,  1951; and Wiebe, 1 9 7 1 ) .  I n  wes te rn  Lake Er ie ,  bo th  
wind and t r i b u t a r i e s  could i n f l u e n c e  t h e  pa t ch iness  of l a r v a l  f i s h  d i s t r i b u t i o n s .  
The r e l a t i v e l y  g r e a t  sample v a r i a t i o n  among r e p l i c a t e s  a t  a s t a t i o n  many i n d i 
cate t h a t  the l a r v a e  a r e  concent ra ted  i n  "swarms" of  r e l a t i v e l y  small volume 
( l e s s  t han  a f e w  meters i n  d iameter )  l i k e  those  descr ibed  i n  Barnes and Marsha l l  
(1951). However, t h e  average  c o n c e n t r a t i o n  w i t h i n  groups o f  swarms a t  d i f f e r 
e n t  s t a t i o n s  could  va ry  by an o rde r  of magnitude w i t h i n  a few k i l o m e t e r s ,  j u s t  
a s  S i l l i m a n  (1946) found i n  t h e  d i s t r i b u t i o n s  of p i l c h a r d ,  Sardinops c a e r u l a ,  
eggs.  The d i s t r i b u t i o n s  o f  most l a r v a l  species f r equen t ly  seemed t o  occur  a t  
pa tches  ove r  100-m long  ( l e n g t h  of a 3-min tow). It w a s  no t  p o s s i b l e  t o  t e l l  
whether g radua l  d e n s i t y  g rada t ions  o r  l a r g e ,  d i scont inuous  pa tches  occurred  i n  
t h e  s tudy  area. Therefore ,  t h e  upper s i z e  l i m i t s  of  any pa tches  p r e s e n t  were 
unknown. 

The c o n f i g u r a t i o n  of  t h e s e  patchy d i s t r i b u t i o n s  may be  a t  l eas t  p a r t l y  
dependent OR the f l u c t u a t i o n s  of t r i b u t a r y  mixing wi th  l a k e  w a t e r ,  wind-
genera ted  v a s c i l l a t i o n s ,  and larval locomotion. Both B i s h a i  (1960) and S a v i l l e  
(1965) thought  t h a t  c u r r e n t  w a s  t h e  most impor tan t  determinant  of l a r v a l  f i s h  
d i s t r i b u t i o n  i n  ocean ic  environments.  I n  wes te rn  Lake Erie,  c u r r e n t s  a r e  
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c o n t r o l l e d  most ly  by t h e  wind and t h e  D e t r o i t  River .  P r e v a i l i n g  s o u t h e r l y  
winds tend t o  ma in ta in  a clockwise gyre of f  t h e  mouth of t h e  Maumee River  i n  
t h e  southwestern corner  of t h e  l a k e  ( I J C  , 1976) ; t h e r e f o r e ,  t h e  p r e v a i l i n g  
c u r r e n t s  move a combination of Maurnee and D e t r o i t  River  wa te r  northward along 
t h e  s h o r e  p a s t  t h e  power p l a n t  i n t a k e ,  S e v e r a l  k i l o m e t e r s  o f f  s h o r e ,  t h e  
w a t e r  is  d e r i v e d  almost e n t i r e l y  from t h e  D e t r o i t  River (Har t l ey  e t  a l . ,  1 9 6 6 ) .  

The r e s u l t s  from t h e  sampling t r a n s e c t ,  which extended deeply i n t o  D e t r o i t  
River  w a t e r s ,  suggest  t h a t ,  on t h e  d a t e s  sampled, dense c o n c e n t r a t i o n s  of yellow 
perch,  w h i t e  b a s s  and s m e l t  l a r v a e  en te red  t h e  wes te rn  b a s i n  w i t h  water from 
t h e  D e t r o i t  River .  The s h i n e r s  followed no c l e a r  d e n s i t y  g r a d i e n t  a s s o c i a t e d  
w i t h  t h e  d i s t a n c e  from shore ,  b u t  t h e  c lupe ids  and f r e shwa te r  drum were most 
abundant near  sho re  on those  d a t e s .  They may have hatched n e a r  t h e  power 
p l a n t  o r  d r i f t e d  northward from t h e  Maumee Bay region.  On t h e  otherhand,  w i th  
t h e  f e w  d a t e s  sampled t h e  apparent  d i s t r i b u t i o n s  of these l a r v a e  may have 
a r i s e n  from a f o r t u i t o u s  combination of r e l a t i v e l y  abnormal c o n d i t i o n s .  La rva l  
groups,  i n c l u d i n g  c a t f i s h e s ,  s u n f i s h e s ,  and ca rp -go ld f i sh ,  were common i n  t h e  
r iver  b u t  n o t  i n  t h e  l ake .  These s p e c i e s  r e q u i r e  marshy o r  p r o t e c t e d  s h o r e l i n e  
environments f o r  s u c c e s s f u l  spawning and most r i v e r  larvae probably came from 
marsh overflow o r  p ro tec t ed  r iver edges.  No s imple  g e n e r a l i t y  appea r s  t o  apply 
t o  t h e  d i s t r i b u t i o n s  of a l l  l a r v a l  f i s h  s p e c i e s  i n  t h e  v i c i n i t y  of t h e  Monroe 
Power P l a n t .  

Ne i the r  a r e  t h e  larvae a l l  d i s t r i b u t e d  a l i k e  i n  t h e  water column, a l though 
bo th  pro- and pos t - l a rvae  of abundant s p e c i e s  seem a b l e  t o  move v e r t i c a l l y ,  
a p p a r e n t l y  i n  response t o  changing l i g h t  i n t e n s i t y .  Nighttime concen t r a t ions  
of pro- and pos t - l a rvae  i n  t h e  water colume were much g r e a t e r  t han  daytime 
c o n c e n t r a t i o n s  above t h e  bottom, b u t  they w e r e  similar (al though v a r i a b l e )  
when daytime bottom tows were included i n  t h e  comparison. Larvae may have 
d i f f e r e n t i a l l y  avoided t h e  n e t  du r ing  t h e s e  tow t i m e s ,  b u t  v e r t i c a l  movement 
seems t o  be a more p l a u s i b l e  exp lana t ion .  Although s lower  p r o l a r v a e  are more 
l i k e l y  t o  b e  v u l n e r a b l e  t o  c a p t u r e  du r ing  t h e  day than t h e  f a s t e r  p o s t l a r v a e ,  
t h e r e  w a s  l i t t l e  evidence o f  d i f f e r e n c e .  Also, t h e  high-speed plankton 
sampler should have been c o n s i s t e n t l y  more e f f e c t i v e  than  a tow n e t  i f  n e t  
avoidance had been very important .  This d i u r n a l  v e r t i c a l  m i g r a t i o n  between 
t h e  s lowly  moving bottom waters and t h e  r e l a t i v e l y  r a p i d l y  moving s u r f a c e  waters 
s t r o n g l y  a f f e c t s  t h e  p r o b a b i l i t y  t h a t  d i s c r e t e l y - l o c a t e d  larvae w i l l  b e  c a r r i e d  
t o  an  i n t a k e .  

Some s u b t l e  d i f f e r e n c e s  occurred i n  t h e  v e r t i c a l  d i s t r i b u t i o n  of t h e  abun
d a n t  s p e c i e s .  Most members of a l l  species remained c l o s e  t o  t h e  bottom during 
t h e  day and most ly  i n  t h e  lower h a l f  o f  t he  water column a t  n i g h t .  Freshwater 
drum l a r v a e  seemed t o  move toward t h e  bottom almost immediately a f t e r  ha t ch ing  
from t h e i r  f l o a t i n g  eggs,  and remained p a r t i c u l a r l y  c l o s e  t o  t h e  bottom d u r i n g  
t h e  day. Yellow perch, s m e l t ,  and w h i t e  b a s s  a l s o  tended t o  avoid s u r f a c e  
waters ,  a t  least  more s o  than  t h e  c l u p e i d s ,  which were t h e  leas t  l i k e l y  o f  a l l  
t h e  s p e c i e s  sampled t o  avoid t h e  r e l a t i v e l y  r ap id  c u r r e n t s  near  t he  s u r f a c e .  
The re fo re ,  a l a r g e r  p ropor t ion  of t h e  c l u p e i d s  could have been c a r r i e d  g r e a t e r  
h o r i z o n t a l  d i s t a n c e s  away from t h e i r  p o i n t s  of o r i g i n  than o t h e r  s p e c i e s .  
R e l a t i v e l y  small p ropor t ions  of t he  demersal l a r v a e  were l i k e l y  t o  b e  carried 
l o n g  d i s t a n c e s  away from t h e i r  ha t ch ing  s i t e s .  
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Entrainment Su s  cep t ab  i1i ty 

Counting e n t r a i n e d  animals a lone (Table 36) cannot r e v e a l  what impact a 
once-through coo l ing  system h a s  on popu la t ions  i n  the  sou rce  wa te r s .  Data a l s o  
should b e  gathered i n  t h e  sou rce  wa te r s  as w e l l  as the  coo l ing  system. These 
r e s u l t s ,  s i m i l a r  t o  Marcy's (1971 ;  1973),  p o i n t  o u t  t h a t  entrainment  probably 
k i l l s  larvae a t  high rates. B u t ,  t h e  sampling i n t e n s i t y  r equ i r ed  to  i d e n t i f y  
an  entrainment  e f f e c t  on l a k e  popu la t ions  depends on what p r o p o r t i o n  of t h e  
popu la t lon  can b e  s a c r i f i c e d  t o  p l a n t  o p e r a t i o n  w i t h o u t  endangering the 
r e source  va lue  of t h e  l a k e .  

It is  p o s s i b l e ,  from t h e  d a t a  presented h e r e ,  t o  t e n t a t i v e l y  e s t i m a t e  the 
v u l n e r a b i l i t y  of t h e  abundant larval f i s h e s  t o  entrainment .  I t  must b e  
recognized,  however, t h a t  t h e s e  estimates are based on temporal ly  and s p a t i a l l y  
l i m i t e d  sampling e f f o r t s  which may b e  r e p r e s e n t a t i v e  on ly  of cond i t ions  t h a t  
e x i s t e d  a t  t h e  t i m e  of sampling. These g e n e r a l i z a t i o n s  have l i t t l e  s t a t i s t i c a l  
v a l i d i t y  because they  assume a temporal and s p a t i a l  un i fo rmi ty  which i s  u n l i k e l y  
t o  occur  i n  t h e  s tudy  area. They provide p i l o t  assessments  of t h e  p o t e n t i a l  
larval  p ropor t ions  e n t r a i n e d  by t h e  power p l a n t  and p o t e n t i a l  d i f f e r e n c e s  i n  
the r e l a t i v e  v u l n e r a b i l i t y  of l a rva l  popu la t ions  t o  entrainment .  For Table 
37, relative entrainment  v u l n e r a b i l i t i e s  were e s t ima ted  by u s i n g  information 
gathered from t h e  16-km t r a n s e c t ,  t h e  p r o p o r t i o n  of daytime and n igh t t ime  
larvae i n  t h e  wa te r  column, and t h e  est imated r a t e  of water movements a t  d i f 
f e r e n t  dep ths  in t h e  water column. It  w a s  assumed t h a t  t h e  p ropor t ions  of 
larvae cap tu red  a t  each of t h e  t r a n s e c t  s t a t i o n s  w a s  r e p r e s e n t a t i v e  of a l a k e  
area between l i n e s  8-km t o  t h e  n o r t h  and south of t h e  t r a n s e c t  (See F ig .  2 ) .  
Data from s t a t i o n s  PlO;P11, and P12 were used t o  estimate t h e  abundances i n  
the s h o r e  zone ( a r b i t r a r i l y  de f ined  as w i t h i n  4-km of shore )  and abundances i n  
the t h r e e  o f f s h o r e  zones cen te red  on t h e  t r a n s e c t  were proport ioned i n  r e l a t i o n  
t o  known c o n c e n t r a t i o n s  i n  t h e  sho re  zone and t h e  p e r c e n t  captured a t  s t a t i o n s  
along t h e  t r a n s e c t .  A l l  d a t a  from l a k e  s t a t i o n s  P10, P11, and P12 and the  
c o o l i n g  system were sampled a t  two t o  t h r e e  week in te rva ls ;  i t  w a s  assumed t h a t  
few, i f  any, larval  c o h o r t s  were sampled more t h a n  once.  An estimate of  t h e  
t o t a l  abundance of larvae p r e s e n t  i n  t h e  w a t e r  column d u r i n g  t h e  day w a s  then 
c a l c u l a t e d  f o r  an area 16  by 16  km (approximately 10 pe rcen t  o f  t h e  s h o r e l i n e  
and the area of t h e  wes te rn  b a s i n ) .  A t  average wind speeds,  a l l  of t h i s  area 
could b e  w i t h i n  a one-week d r i f t  t i m e  t o  t h e  p l a n t  i n t a k e .  

Based on estimates i n  Table 37, t h e r e  may b e  one t o  two o r d e r s  of magni
tude  d i f f e r e n c e  i n  t h e  v u l n e r a b i l i t y  of d i f f e r e n t  l a r v a l  s p e c i e s  t o  e n t r a i n 
ment. O f  course t h e s e  estimates are crude because o f t h e  n a t u r e  of t he  sampling 
e f f o r t ,  b u t  they g i v e  some i n d i c a t i o n  of t he  magnitude of entrainment  impact. 
These e s t i m a t e s  would improve by f u r t h e r  r e s e a r c h ,  b u t  they i n d i c a t e  t h a t  the 
p r o p o r t i o n s  e n t r a i n e d  could be  f a i r l y  l a r g e  f o r  c e r t a i n  s p e c i e s ,  e s p e c i a l l y  
f r e s h w a t e r  drum and c l u p e i d s .  Assuming t h e  s t u d y  area is roughly r ep resen ta 
t i v e  of t h e  whole b a s i n ,  less than 1 pe rcen t  of most f i s h  popu la t ions  were 
e n t r a i n e d  a t  t h e  p l a n t .  However, from 5 t o  15 pe rcen t  of t h e  drum and c lupe id  
l a r v a e  may b e  e n t r a i n e d .  Based on t h e o r e t i c a l  c o n s i d e r a t i o n s  of commercial 
ca t ch  and f e c u n d i t i e s ,  Nelson and Cole (1975) e s t ima ted  s i m i l a r  percentages 
f o r  yellow perch. A t  t h e  p r e s e n t  t i m e ,  t h e  i n t a k e  a t  t h e  Monroe Power P l a n t  
exceeds t h e  i n t a k e  of a l l  o t h e r  coo l ing  waters taken from t h e  western b a s i n  i n  
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Lake E r i e ,  by  about  2 t o  1. However, f u t u r e  expansion on the  Great Lakes may 
r e q u i r e  10 times t h e  p r e s e n t  c o o l i n g  needs over t he  nex t  few decades,  There
f o r e ,  t h e  p o t e n t i a l  m o r t a l i t y  percentages of drum and c l u p e i d s  bo rde r  on those 
t h a t  may have a measurable impact on a d u l t  popu la t ions ,  e s p e c i a l l y  i n  t h e  d i s 
t a n  t f u t u re. 

Jensen (1971) h a s  i n d i c a t e d  t h a t  a r educ t ion  of as l i t t l e  as 5 p e r c e n t  i n  
r ec ru i tmen t  may e v e n t u a l l y  a f f e c t  t h e  a d u l t  popu la t ion  of a t  least. one s p e c i e s  
of f i s h .  Beland (1974) h a s  quest ioned Jensen ' s  conc lus ions  and t h e r e  have been 
no e m p i r i c a l  s t u d i e s  publ ished t h a t  v e r i f y  t h e s e  k i n d s  of p r o j e c t i o n s .  Deter
mining a 5 p e r c e n t  impact on r ec ru i tmen t  w i th  s t a t i s t i c a l  confidence f o r  any 
p a r t i c u l a r  yea r  of s t u d y  would demand a much more i n t e n s i v e  sampling e f f o r t  
than t h a t  executed du r ing  t h i s  s tudy  because of t h e  h igh  v a r i a b i l i t y  i n  l a r v a l  
f i s h  d i s t r i b u t i o n s .  

The v a r i a b i l i t y  i s  d e r i v e d  from v e r t i c a l  and h o r i z o n t a l  v a r i a t i o n ,  and 
temporal v a r i a t i o n  caused by changing rates of l a rva l  r ec ru i tmen t .  Although 
v a r i a b i l i t y  a t  a p a r t i c u l a r - s a m p l i n g  s i te  i n  t h e  l a k e  may be on ly  moderately 
h igh ,  t h e  v a r i a b i l i t y  among d i f f e r e n t  s t a t i o n s  on ly  a few k i lome te r s  a p a r t  
o f t e n  is  h igh  and i n c o n s i s t e n t  from one day t o  t h e  next .  This  "patchiness"  
g r e a t l y  a f f e c t s  any assessments  of change i n  popu la t ion  abundance w i t h i n  t h e  
coo l ing  system as w e l l  as estimates of t h e  p r o p o r t i o n s  of l a k e  popu la t ions  
t h a t  are e n t r a i n e d .  W e  do n o t  know enough about  t h e  l e n g t h s  of t i m e  t h a t  
larvae are s u s c e p t i b l e  t o  net  c a p t u r e  and t h e  p r o b a b i l i t y  of ove res t ima t ing  
o r  unde res t ima t ing  t h e  actual number of larvae r e c r u i t e d  i n t o  t h e  l a k e  popula
t i o n .  . A t  the i n t e n s i t y  of sampling a p p l i e d  during t h e s e  s t u d i e s ,  t h e  annual 
entrainment  o f  abundant popu la t ions  may b e  reasonably e s t ima ted ,  a t  a 95 per
cen t  confidence i n t e r v a l ,  w i t h i n  100 t o  1000 p e r c e n t  of t h e  mean. V a r i a b i l i t y  
i n  the l a k e  is as g r e a t  as v a r i a b i l i t y  i n  t h e  coo l ing  system. Consequently,  
the i n t e n s i t y  of sampling i n  t h e  lake m u s t  b e  comparable t o  t h a t  i n  t h e  coo l ing  
system t o  produce s i m i l a r  confidences.  

Taking i n t o  c o n s i d e r a t i o n  t h e  exp lo ra to ry  n a t u r e  o f  t h e s e  p i l o t  s t u d i e s ,  
t h e r e  is  a need t o  r e f i n e  estimates. Fu tu re  estimates of l a r v a l  f i s h  d i s t r i 
b u t i o n  and p o t e n t i a l  entrainment  could b e  improved i n  several ways. Almost 
a l l  of t h e  f i s h  are most v u l n e r a b l e  t o  entrainment  a t  n i g h t  because they are 
i n  t h e  f a s t e r  moving waters near t h e  s u r f a c e .  Therefore ,  h o r i z o n t a l  d i s t r i b u 
t i o n s  would b e  b e t t e r  e s t ima ted  a t  n i g h t  anywhere n i g h t  nav iga t ion  is  f e a s i b l e .  
I f  n i g h t  sampling proves i n f e a s i b l e ,  a combination of s l e d - n e t t i n g  and ob l ique  
tows should b e  used du r ing  t h e  day. I f  t h i s  combination i s  n o t  used, t h e  
d e n s i t i e s  o f  larvae are l i k e l y  t o  b e  underestimated i n  deeper water. The 
a c t u a l  growth rate of l a r v a l  f i s h  and t h e i r  c a p a c i t y  t o  avoid n e t  c a p t u r e  as 
they grow should b e  b e t t e r  eva lua ted .  Also,  t h e  r e l a t i v e  v u l n e r a b i l i t y  o f  
l a rva l  f i s h  t o  n a t u r a l  m o r t a l i t y  should b e  i d e n t i f i e d a s i t i s  r e l a t e d  t o  d i s t r i 
bu t ion .  A r e  near-shore popu la t ions  mre l i k e l y  t o  d i e  from n a t u r a l  causes  
than off-shore popu la t ions?  A r e  l a r v a e  t h a t  ha t ch  i n  t h e  t r i b u t a r i e s  more 
l i k e l y  t o  s u r v i v e  t o  r e p r o d u c t i v e  age c l a s s e s  than those  t h a t  ha t ch  i n  t h e  l ake?  
Answers t o  t h e s e  ques t ions  should provide s u i t a b l e  information f o r  t h e  appro
p r i a t e  s i t i n g  and o p e r a t i n g  o f  coo l ing  systems and o t h e r  c o a s t a l  zone manage
ment. 
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